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The brain is a world consisting of a number of unexplored continents and great stretches of 
unknown territory. Santiago Ramon y Cajal

The most beautiful thing we can experience is the mysterious. It is the source of all true art 
and science. He to whom this emotion is a stranger, who can no longer pause to wonder and 

stand rapt in awe, is as good as dead: his eyes are closed. Albert Einstein
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Abbreviations

GABA -------------------- -amino butyric acid 
5-HT ---------------------- 5-hydroxytryptamine; serotonin 
DA    ---------------------- dopamine 
DOI  ---------------------- (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride 
DRN ---------------------- dorsal raphe nucleus 
EPS   ---------------------- extra-pyramidal side effects 
GIRK---------------------- G protein coupled inward rectifying potassium (channel/current) 
GTP  ---------------------- guanosine-tri-phosphate
NAc  ---------------------- nucleus accumbens 
PFC   ---------------------- prefrontal cortex 
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Chapter 1 

General Introduction 

Part of the Introduction: Current Neuropharmacology 2006, 4(1)
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Chapter 1 

Neurotransmitters and brain function 

Communication in the brain occurs via intricate networks of different neuronal 

populations, each to a certain degree assigned to a vast array of functions. Key to this 

communication are neurotransmitters, such as glutamate, dopamine, GABA and 

serotonin. Different neurons contain and release one or more neurotransmitters and 

express a multitude of receptors to respond to released neurotransmitters from afferent 

projections. Neurotransmitters are classified as excitatory or inhibitory, according to their 

main effect on neuronal activity. However, not only do neurotransmitters modulate 

neuronal activity by acting on their own, but different neurotransmitters can work in 

concert to induce (subtle) changes in neuronal activity, with possibilities for flexible, 

variable interactions between areas.

For the research described in this thesis we have investigated in detail the 

interaction between two neurotransmitters, dopamine (DA) and serotonin (5-HT) in two 

specific brain areas, the substantia nigra (pars compacta) and the ventral tegmental area. 

These areas are also known as A9 respectively A10 and the point of origin of the 

nigrostriatal pathway and mesocorticolimbic pathway (Fig. 1). The nigrostriatal pathway 

projects to the basal ganglia and thus regulates motor behavior which is under control of 

the basal ganglia. Loss of A9 DA neurons (as in the case of Parkinson’s Disease) results in 

reduced regulation of the basal ganglia and disturbs motor behavior, resulting in e.g. 

tremors and rigidity. In contrast, the A10 DA neurons project to limbic areas and the 

neocortex (prefrontal cortex in humans) (Fig. 1) and thus serve to regulate emotional and 

cognitive processes. Hyperactivity of the A10 DA neurons is thought to underlie part 

10



Chapter 1 

of the symptoms seen in schizophrenia. Although A9 and A10 DA neurons regulate brain 

areas with very different functions, on the level of receptors, ion channels and firing 

patterns they display much similarity. This similarity is also apparent in the similarity in 

the treatment of Parkinson Disease and schizophrenia and in the side-effects of these 

treatments. For instance, while antipsychotic drug treatment alleviates schizophrenia 

symptoms, these drugs also are likely to induce extrapyramidal side-effects that resemble 

Parkinsonism (Blair and Dauner, 1992; Marsden and Jenner, 1980). And conversely, 

treatment of Parkinson Disease patients by supplementing them with levo-DOPA (3-(3,4-

Dihydroxyphenyl)-L-alanine, the precursor of DA) can have psychotic behavior as a side-

effect (Klawans, 1988), which can be alleviated by concomitant treatment with 

antipsychotic drugs (Widman et al., 1997).

It has been shown that 5-HT plays a role in the regulation of DA neuron firing 

activity in these areas, through activation of the different 5-HT receptor types found in A9 

and A10. Furthermore, it appears that (in vivo) there are differential effects of 5-HT on A9 

and A10 DA neurons, depending on the 5-HT receptor type activated (Di Giovanni et al., 

2000; Di Matteo et al., 1999; Lucas et al., 2001). The interaction between 5-HT and DA in A9 

and A10 is suggested to be of importance for antipsychotic drug efficacy in the treatment 

of schizophrenia (Lieberman et al., 1998; Meltzer, 1999). 

Schizophrenia

Approximately 1 % of the population is afflicted with the severe psychiatric 

illness schizophrenia (Jablensky, 1995). This illness was first described by Kraepelin, 

although under the different name of dementia praecox (Kraepelin, 1896; Kraepelin, 1919). 
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Chapter 1 

Later on, Bleuler termed this illness schizophrenia (Bleuler, 1950). Already noted by 

Kraepelin was the concept that schizophrenia is not a uniform psychiatric disorder, but

Fig. 1. DA pathways originating in the A9 (substantia nigra) and the A10 (ventral tegmental area). 

A cut-through side-view of the rat brain, showing the locations of the A9 and A10 areas, as well as 

their respective projections areas (adapted from the University of Texas, Psychology Dept. 

website).

can manifest itself with an enormous variety of symptoms. These symptoms can be very 

heterogeneous across patients. Some patients can have a select set of symptoms, while 

others display a much larger number. This heterogeneity among patients is also reflected 

in the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV, American 

Psychiatric Organization), the diagnostic handbook for psychiatric illnesses. There are four 

groups of symptoms (see below) that are used as diagnostic criteria for schizophrenia, but 

no symptom type is obligatory. The fifth criteria is social and occupational dysfunction, 

meaning that if -despite delusions or hallucinations- a social life and a job is maintained, 

the diagnosis can not be schizophrenia. 

 In general, schizophrenia symptoms are divided in four groups: positive, negative, 

cognitive and mood symptoms. The first group, positive symptoms, can be viewed as 
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Chapter 1 

abnormal additions to mental life, such as delusions and hallucinations (which can be 

auditory, visual, olfactory, tactile or a combination of any). The second group, the negative 

symptoms, can be seen as deficits of mental life, such as emotional withdrawal, reduced 

motivation or speech problems. Cognitive symptoms are associated with problems related 

to attention, memory and executive functions. Mood symptoms include dysphoria and 

suicidality. For a comprehensive review of the findings of neuroscience research in the 

field of schizophrenia pathophysiology and symptoms see Heinrichs (2001). 

Besides being prevalent, schizophrenia is a seriously disabling illness from both a 

social and economical viewpoint, a point on mental disorders which was also put forward 

in a recent report for the European Union: “Mental health promotion and mental disorder 

prevention. A policy for Europe” (Jane-Llopis, 2005). Patients usually experience their first 

schizophrenic episode between ages 20-30, although it is suspected that adolescents 

already display prodromal symptoms indicative of the development of schizophrenia. In 

the past, schizophrenia was not recognized during the early onset of the disorder or 

psychiatric help was inadequate, resulting in severe deterioration of the patient on social, 

mental and physical levels. Currently, due to increased medical vigilance as well as an 

increased public awareness, patients – often soon after their first episode – receive 

(effective) treatment. This earlier intervention has resulted in a better prognosis of 

outcome, with patients being able to build and maintain a social and working life, so 

worldwide an increasing number of early intervention programs have been set up, as well 

as instigated research into early detection of schizophrenia onset (such as prodromal 

symptoms). Yet, as these programs and the permanent nature of current treatment are 

costly, with a European average of ~7000 Euro per patient per year (Knapp et al., 2002) a 

more effective and ultimately preventive treatment is necessary to reduce the economical 
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costs. As the underlying causes of schizophrenia are not elucidated yet, treatment with 

antipsychotic drugs focuses on treating occurring symptoms and is not preventive for the 

disorder itself. 

Currently, schizophrenia treatment consists mainly of pharmacological intervention 

using antipsychotic drugs. The actions of these antipsychotic drugs on the DA pathways 

in the brain are discussed further in the text. However, the main feature of the treatment of 

schizophrenia symptoms by antipsychotic drugs is DA receptor antagonism.

Dopamine and schizophrenia 

The mesocortical pathway, the mesolimbic pathway, the nigrostriatal pathway and 

the tuberoinfundibular pathway have all been postulated to be involved in the 

pathophysiology of schizophrenia and the propensity of antipsychotics to induce side-

effects (Stahl, 2000). Hypofunction of the mesocortical pathway and hyperfunction of the 

mesolimbic pathway (Erhardt et al., 2002; Glenthoj et al., 1993; Stahl, 2000) are thought to 

be responsible for the symptoms that can be observed (see also Sesack and Carr, 2002) and 

points to one of the many difficulties for effective treatment: increasing DA activity in the 

mesocortical pathway, while concomitantly decreasing DA activity in the mesolimbic 

pathway. The nigrostriatal and tuberoinfundibular pathways are involved in side-effects 

of antipsychotic drug treatment, such as extra-pyramidal side effects (EPS) and 

hyperprolactinemia, respectively (Blair and Dauner, 1992; Compton and Miller, 2002) 

which are related to changes in firing activity of neurons in these pathways, especially the 

DA neurons. What lies at the root of the mesocorticolimbic dysfunction is unclear but loss 

of cholinergic interneurons in the striatum, hypoglutamatergia or “miswiring” of 

glutamatergic and -amino butyric acid (GABA)-ergic projections from the prefrontal 
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cortex (PFC) have all been proposed (Benes, 2000; Carlsson et al., 1997; Carlsson et al., 

2001; Deutch, 1993; Holt et al., 1999; Trudeau, 2004). The glutamatergic and GABAergic 

PFC projections synapse directly and indirectly (via e.g. the nucleus accumbens) to A10 

DA neurons (Fig. 2, partly based on Sesack and Carr, 2002). The GABAergic inputs 

together with local GABAergic interneurons in the A10 and A9 (Fig. 2) reduce DA 

neuronal firing activity by exerting an inhibitory tone on DA neuronal activity through 

GABAA and GABAB receptors present on DA neurons (Celada et al., 1999; Engberg et al., 

1993; Tepper et al., 1995). Thus, dysfunction of the PFC pathway could disinhibit A10 DA 

neurons leading to hyperactivity of A10 neurons. 

The DA receptor and antipsychotic drugs

The discovery of DA in the brain (Bertler and Rosengren, 1959) and subsequent 

discovery in the late 1950s that schizophrenia could be treated with antipsychotic drugs, 

which antagonize DA D2 receptors, thus reducing mesolimbic DA neuronal hyperactivity, 

has led to the DA hypothesis for schizophrenia. This hypothesis has been refined recently 

to incorporate other neurotransmitters such as glutamate, GABA and 5-HT (Carlsson et al., 

2001; Carlsson et al., 2004; Paul Blum and Mann, 2002; Sawa and Snyder, 2002; Tsai and 

Coyle, 2002). However, attempts to develop an effective antipsychotic drug that lacks DA 

D2 receptor antagonism have been, generally, unsuccessful. For example selective 5-HT2A

receptor antagonists (Kehne et al., 1996; Martin et al., 1997) and DA D4 receptor 

antagonists (Boeckler et al., 2004; Wong and Van Tol, 2003a) failed to show efficacy in 

schizophrenia reinforcing a pivotal role for DA D2 receptors in the efficacy of 

schizophrenia. However, recent studies have suggested that neurokinin (NK)3 receptor 

antagonists do have effects in schizophrenia (Meltzer et al., 2004).
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DA D2 receptors and DA neuron firing activity 

 DA D2-like receptors are present as auto-receptors on the DA neurons in A9 

and A10 and play an important role in the regulation of DA neuronal firing activity by 

means of auto-inhibition (Fig. 2). These G protein-coupled receptors are activated by

Fig. 2. A schematic view of A9 (SN) and A10 (VTA) connections

DA neurons receive input from the local GABAergic interneurons and input from other brain 

areas. Both areas receive serotonergic input from the dorsal raphe nucleus (DRN). The dotted line 

indicates the subdivision of the A9 (SN): the A9 pars reticulata (SNr) and the A9 pars compacta 

(SNc). Neurons receiving a collective input are grouped (dotted circles). GABAergic, glutamatergic 

and serotonergic inputs are indicated by black, white and gray symbols, respectively. HIPP, 

hippocampus; NAC, nucleus accumbens; PFC, prefrontal cortex; STN, subthalamic nucleus.
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somatodendritically released DA (Bernardini et al., 1991) and their activation opens G 

protein coupled inward rectifying potassium (GIRK) channels. Opening of the GIRK 

channels leads to hyperpolarization of the cell membrane and consequently a decrease in 

firing activity (Lacey et al., 1988). Furthermore, the hyperpolarization mediated via the DA 

D2 auto-receptor-activated GIRK channels decreases somatodendritical release of DA (Shi 

et al., 2000), allowing the DA neuron to depolarize via voltage-dependent calcium current 

activation and the non-selective cation current Ih (Seutin et al., 2001; Wolfart and Roeper, 

2002). This in turn leads to increased DA release, increased DA D2 auto-receptor-mediated 

GIRK current and so on, contributing to the maintainance of a spontaneous, pace-maker-

like firing pattern.

Depolarization blockade theory and antipsychotic drug efficacy 

In vitro studies demonstrate that DA neurons usually fire at low pacemaker-like 

frequencies of 1-8 Hz (Grace and Onn, 1989; Werkman et al., 2001) and this pacemaker-like 

firing is also observed in vivo, although DA neurons in vivo also display irregular and 

burst firing activity (Bunney et al., 1973; Freeman et al., 1985; Shepard and German, 1988). 

In general, it is thought that the tonic release of DA (via regular firing rates) serves to 

maintain a steady-state level of DA in the brain, while the phasic DA release through 

bursting activity gives rise to high but transient DA levels which convey discrete signals 

(Dreher and Burnod, 2002; Floresco et al., 2003). Switching the firing pattern from regular 

to bursting or back is thought to be dependent on coinciding glutamatergic and 

cholinergic inputs from the subthalamic and pedunculopontine nuclei, respectively (Kitai 

et al., 1999; Li et al., 1996; Prisco et al., 2002; Wang et al., 1994). In the absence of coinciding 

glutamate and acetylcholine signaling, switching to a bursting firing pattern is unlikely, 
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although the firing rate can be increased through depolarization of the DA neuron. It has 

been shown that upon depolarization (e.g. through GIRK channel inhibition) DA neurons 

cannot sustain increases in the firing rates above a plateau level (Wu et al., 1994). At 

depolarization levels above that producing maximum frequency, DA neuronal firing 

ceases; such a state is referred to as acute depolarization blockade, a mechanism that could 

function to curb neuronal excitation (Grace and Bunney, 1986; Hollerman et al., 1992; 

Stowe and Nemeroff, 1991; Wu et al., 1994). Although difficult to prove in vivo, it is 

believed that antipsychotic drugs induce a more or less chronic depolarization blockade in 

A10 DA neurons, thereby effectively reducing mesolimbic hyperactivity (Grace et al., 

1997). The development of depolarization blockade by antipsychotic drug treatment 

probably involves the blockade of the DA D2-like autoreceptors on the A10 DA neurons 

and activation of excitatory feedback systems, a process that develops over time (i.e. 

during chronic antipsychotic drug treatment) and is often characterized by an initial 

increase in DA neuronal activity. However, this mechanism of depolarization blockade 

will also be effective in A9 DA neurons. This is reflected by one of the side-effects of the 

classical antipsychotic drugs: EPS, a collective name for symptoms such as dystonia, 

akinesia, dyskinesia, and akathisia (Burki, 1979; Marsden and Jenner, 1980). Due to the 

high liability for EPS induction the search for better antipsychotics continued. The 

introduction of clozapine was a large step forward in achieving this goal (Birmaher et al., 

1992; Brunello et al., 1995; Chiu et al., 1976; Gelenberg and Doller, 1979; Matz et al., 1974; 

Nair et al., 1977; Shopsin et al., 1979; Smith et al., 1993) and mesolimbic hyperactivity 

could be reduced without inducing EPS. Clozapine, and other so-called atypical 

antipsychotics known as such for their low propensity to induce EPS (Conley and Kelly, 

2002; Horacek, 2000; Tarsy et al., 2002), has a much lower tendency to induce EPS 
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compared to the older, classical antipsychotic drugs (Tandon and Jibson, 2002). However, 

it has been demonstrated that a selective depolarization blockade of only A10 DA neurons 

may be involved in the underlying mechanism (Boye and Rompre, 2000). In vivo studies

suggest that atypical antipsychotic drugs appear to preferentially modulate A10 DA 

neuronal firing activity (Chiodo and Bunney, 1983; Chiodo and Bunney, 1985; Goldstein et 

al., 1993; White and Wang, 1983). Pharmacological studies have demonstrated that most 

atypical antipsychotic drugs are not only DA D2 antagonists, but also have affinities for a 

range of other neurotransmitter receptors such as 5-HT2, adrenergic, muscarinic and 

histamine receptors (Bymaster et al., 1996a; Bymaster et al., 1996b). These additional 

receptor affinities could contribute to the selective development of depolarization 

blockade of only A10 DA neurons and consequently the lower incidence of EPS and 

improved efficacy compared to the classical antipsychotic drugs. 

Besides the development of depolarization blockade of A10 DA neurons, other 

mechanisms, for instance at the level of the prefrontal cortex, are also likely to improve 

antipsychotic drug efficacy. It is reported that clozapine facilitates NMDA-mediated 

neurotransmission in prefrontal cortical neurons (Arvanov and Wang, 1999) and atypical 

antipsychotic drugs, but not classical antipsychotic drugs, increase acetylcholine release in 

the forebrain (Ichikawa et al., 2002). The release of DA and noradrenalin is also increased 

by antipsychotic drugs (Pira et al., 2004; Westerink et al., 1998). There is a comprehensive 

review on these mechanisms in the forebrain and their implications for schizophrenia 

treatment (Moore et al., 1999). 

Not all atypical antipsychotic drugs combine DA D2 receptor antagonism with 

affinities for other receptors (Moller, 2003), and it has been suggested that multi-receptor 

affinity is not the key to atypical antipsychotic effectiveness. It has been proposed that 
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their effectiveness is related to selective affinities for DA receptors in specific areas of the 

brain or receptors in specific conformational states (Moller, 2003). Also a fast dissociation 

theory has been proposed (Kapur and Seeman, 2000; Kapur and Seeman, 2001; Mortimer, 

2004). This theory suggests a “hit-and-run” action of the antipsychotic drug at the DA 

receptor insofar as the drug rapidly binds and then dissociates from the receptor, thereby 

not “rigidly” blocking all DA neurotransmission. This mechanism might explain the 

clinical atypical antipsychotic profile of amisulpride, a pure D2/D3 receptor antagonist, 

although it has been suggested that the possible selective preference for mesolimbic versus 

nigrostriatal DA D2-like receptors by amisulpride or its D3 receptor antagonism might 

account for the atypicality (Leucht, 2004; Moller, 2003; Pelissolo et al., 1996). So far, not all 

the evidence for the “hit-and-run” theory is conclusive and the hypothesis that multi-

receptor affinities underlie atypicality is still very much favored (Meltzer et al., 2003). 

From the large variety in receptor affinities, besides DA D2 receptors that are displayed by 

atypical antipsychotic drugs, especially affinity for the 5-HT2 receptor has received 

considerable attention for its potential role in atypicality. 

5-HT and DA pathways 

In vivo DA-dependent behaviors can be modulated by 5-HT receptor activation, as 

demonstrated using 5-HT1, 5-HT2 and 5-HT4 receptor agonists. For example synergistic 

enhancement of the acoustic startle reflex by 5-HT1A receptor agonists (Meloni and Davis, 

2000) or 5-HT2 and 5-HT4 receptor-mediated modulation of cocaine-induced locomotor 

activity (McCreary and Cunningham, 1999; McMahon and Cunningham, 1999; McMahon 

and Cunningham, 2001). In addition, DA release in the medial prefrontal cortex (mPFC), 

dorsal and ventral striatum can be increased by (cortical) 5-HT2A receptor activation, while 
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5-HT2C receptors suppresses DA release (likely via effects on DA cell bodies) (De 

Deurwaerdere et al., 2004; Gobert and Millan, 1999; Gobert et al., 2000; Pehek, 1996; Pehek 

et al., 2001). Cortical 5-HT1A receptor activation appears to increase DA release in the 

mPFC, possibly in concert with mesolimbic 5-HT2 receptor antagonism (Ichikawa et al., 

2001). Others have also extensively demonstrated that 5-HT facilitates DA release and 

neurotransmission via 5-HT receptors in the forebrain, with specific roles for 5-HT1, 5-HT2

and 5-HT4 receptors (Benloucif et al., 1993; Kelland et al., 1990) and secondary messengers, 

such as protein kinase A (West and Galloway, 1996) or nitric oxide (West et al., 2002). 

Moreover, the modulation of DA synthesis and release is under control of different 

mechanisms (Galloway et al., 1986; Kelland et al., 1988; West et al., 2002), often depending 

on the projection field (Pitts et al., 1993; Tyler and Galloway, 1992). These findings show 

that 5-HT influences and shapes DA neurotransmission by actions at the somatic and 

terminal-field level. The findings that DA neurotransmission to the PFC is influenced by 5-

HT suggests a role for 5-HT receptors in antipsychotic modulation of mesolimbic 

hyperactivity. For a comprehensive review on this topic see Werkman et al. (2006).

5-HT and A9 and A10 DA neuron activity 

A9 and A10 DA neurons (as well as the local GABAergic interneurons) express a 

range of 5-HT receptor types that can be activated by 5-HT input from the dorsal raphe 

nucleus (DRN) (Herve et al., 1987) (Fig. 2). In Table 1 a summary is provided of the 5-HT 

receptors and the effect their activation has on DA neuronal firing activity. Some of these 

receptors have been found on GABAergic interneurons, such as the 5-HT1B and 5-HT2C

receptor, although the latter might also be present on the DA neurons (Pompeiano et al., 

1994). The activation of 5-HT1B receptors inhibits GABA release (Johnson et al., 1992; Yan 

21



Chapter 1 

et al., 2004), while 5-HT2C receptor activation excites GABAergic interneurons (Di 

Giovanni et al., 2001) and stimulation of the 5-HT1A receptor has been reported to excite 

DA neurons (Lejeune and Millan, 2000). 5-HT3 receptors are not well studied yet in the A9 

and A10, but based on findings in other brain areas they are expected to be located 

presynaptically (Mylecharane, 1996). In vivo, i.v. administration of 5-HT3 receptor 

antagonists is reported to increase DA neuronal firing, although the mechanism 

underlying this remains unclear (Minabe et al., 1991; Palfreyman et al., 1993b). 5-HT4

receptor activation increases nigral DA firing activity, but it is not clear if the receptors are 

present on the DA neurons or GABAergic interneurons (Bonhomme et al., 1995; Lucas et 

al., 2001; Patel et al., 1995). The 5-HT6 receptor is present on interneurons, and possibly 

also on the terminals of GABAergic and possibly cholinergic projections to DA neurons 

(Gerard et al., 1997) but is not thought to be directly involved in modulating DA 

neurotransmission, but likely indirectly via the regulation of cholinergic 

neurotransmission (Branchek and Blackburn, 2000).

Table 1. 5-HT receptor types in A9 and A10 

 An overview of 5-HT receptor types with their locations in A9 and A10 areas and reported 
(indirect) effects on DA neuron firing activity. n.d. =not determined. 

Location DA neuron 
firing activity references

5-HT1A

DA neurons 
Presynaptic
processes

increase or 
pattern
change

(Arborelius et al., 1993; Doherty and Pickel, 2001; 
Lejeune and Millan, 1998; Minabe et al., 2003; 

Peroutka and Snyder, 1981) 

5-HT1B
GABAergic
interneuron increase (Johnson et al., 1992; Yan et al., 2004) 

5-HT2A DA neurons increase (Doherty and Pickel, 2000; Nocjar et al., 2002; 
Peroutka and Snyder, 1981) 

5-HT2C

GABAergic
interneuron
DA neuron? 

decrease (Di Matteo et al., 2002; Gobert et al., 2000; Ugedo 
et al., 1989) 

5-HT3 n.d. increase (Minabe et al., 1992; Mylecharane, 1996; 
Palfreyman et al., 1993a) 

5-HT4 n.d. increase (Thorre et al., 1998) 

5-HT6

GABAergic
interneuron
DA neuron? 

n.d. (Gerard et al., 1997; Roberts et al., 2002) 
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Little is known about the presence or function of the 5-HT7 receptor in A9 and A10 areas, 

although it has been proposed as an interesting candidate for future antipsychotic drugs, 

as a number of atypical antipsychotics bind to this 5-HT receptor subtype (Meltzer, 1999; 

Roth et al., 1994). These findings, and the reports that 5-HT receptor-induced changes in 

DA neuronal activity are dependent on the activation state of the DA neurons, i.e. when 

the DA impulse flow is activated (Di Mascio and Esposito, 1997; Lucas et al., 2001; Porras 

et al., 2002; Spampinato et al., 1985), show that 5-HT regulates DA neuronal firing activity 

both in a tonic and phasic manner. 

Furthermore, differential roles appear to exist  for some 5-HT receptor types, such 

as the 5-HT2 receptors, i.e. 5-HT2C receptors change DA neuronal firing activity and 

bursting in A10, but not in A9 DA neurons (Di Giovanni et al., 2000; Di Matteo et al., 1999), 

while 5-HT4 receptors play a more pronounced role in A9 DA neurons (Lucas et al., 2001). 

The existence of differential roles for a 5-HT receptor type can be related to the 

diversity of second messenger pathways that 5-HT receptors utilize (Barnes and Sharp, 

1999). Most 5-HT receptors are G protein-coupled receptors (GPCRs) (with the ligand-

gated 5-HT3 receptor being the exception) and they can activate second messenger systems 

such as phospholipase C and ion channels linked to specific G protein subunits, including 

GIRK channels (Ghavami et al., 2004; Odagaki and Fuxe, 1995) (for a comprehensive 

review see Barnes and Sharp, 1999). 5-HT receptor-mediated activation of second 

messenger pathways and ion channels can directly increase or decrease DA neuronal 

firing activity as well as influence the neuronal response to activation of other receptors, 

such as DA D2 receptors (Brodie and Bunney, 1996; Gervais and Rouillard, 2000; Liu et al., 

2003; Nedergaard et al., 1991; Pessia et al., 1994). 
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5-HT modulation of DA D2 receptor-mediated inhibition 

As mentioned previously, midbrain DA neurons tonically regulate their own firing 

activity via a feedback auto-inhibition. Extracellular recordings of A10 DA neurons in vitro

have shown that concentrations of 5-HT that do not change the firing rate when applied 

alone enhanced DA D2 receptor-mediated auto-inhibition (Brodie and Bunney, 1996). 

Various mechanisms underlying this DA/5-HT interaction have been suggested. One 

proposed mechanism is the inhibition of the Ih current (Liu et al., 2003). However, 5-HT 

concentrations higher than the concentrations used to enhance auto-inhibition were 

necessary to inhibit Ih (Brodie and Bunney, 1996). This finding and previous reports that 

inhibition of Ih current occurs secondary to GIRK channel activation by DA or GABA 

(Cathala and Paupardin-Tritsch, 1999; Mercuri et al., 1995; Watts et al., 1996) suggest that 

additional mechanisms may also involved. The close link between GIRK channel and Ih

channel activities (Svoboda and Lupica, 1998; Takigawa and Alzheimer, 1999) is not fully 

understood, but as GIRK channels play a prominent role in the regulation of DA neuronal 

firing by translating DA D2 receptor activation into inhibition of firing activity, 5-HT 

receptor-mediated modulation of GIRK channels may underlie 5-HT-enhanced auto-

inhibition.

GIRK channel modulation 

GIRK channels have up to four binding sites for G  subunits. Upon activation of a 

GPCR such as the DA D2 receptor, the attached G protein dissociates and separates into 

the  and the  subunit. Binding of one G  subunit only partially activates the channel 

and additional binding (of 3-4 subunits) results in full activation of the channel (Corey and 

Clapham, 2001; Nemec et al., 1999; Sadja et al., 2002; Sadja et al., 2003). It has been 
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established that this graded activation is a form of positive co-operativity (Sadja et al., 

2002). Besides the capability of binding multiple G  subunits that contribute in a graded 

manner to channel (in)activation, it has been suggested recently that GIRK channels can be 

inhibited by binding of the G  subunit to the channel (Lei et al., 2001; Peleg et al., 2002; 

Schreibmayer et al., 1996; Zhang et al., 2004).

Thus, different GPCRs can influence their respective effects on GIRK channel 

activation directly at the level of the channel. For instance, GABAB and DA D2 receptors 

activate the same GIRK channel. Submaximal activation of both receptors results in an 

additive effect on the GIRK current (Lacey et al., 1988), probably due to the positive co-

operativity of the G  subunits. Such effects at the level of the GIRK channel itself can also 

lead to inhibitory actions. Neurotensin receptors are coupled to G proteins that inhibit 

GIRK function; simultaneous activation of neurotensin and DA D2 receptors in midbrain 

DA neurons results in a decreased GIRK current (Farkas et al., 1997) and consequently an 

attenuation of DA D2 receptor-mediated auto-inhibition (Werkman et al., 2000). 

Furthermore, receptors that activate second messenger pathways (such as 5-HT receptors) 

can modulate GPCR-activated GIRK channels, as it has been shown that intracellular 

components such as protein kinases and phosphatidyl inositol diphosphate (PIP2) are able 

to stabilize the channel in the open state or facilitate G  subunit binding (Hilgemann et 

al., 2001; Ho and Murrell-Lagnado, 1999; Huang et al., 1998; Lei et al., 2003; Logothetis and 

Zhang, 1999; Petit-Jacques et al., 1999; Sadja et al., 2003).

Altogether, GPCR stimulation and intracellular mechanisms that influence GPCR 

and G protein coupling can affect GIRK channel activation, and thus the effect of GPCR 

activation on DA neuronal firing. Such interactions have been demonstrated for estrogen 

receptors in hypothalamic neurons, which upon activation, disrupt the coupling of GABAB
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receptors to GIRK channels through an action on the G protein (Kelly et al., 1992; Kelly et 

al., 2003). As the relative size of the G protein pools that GPCRs have access to differs 

(Odagaki and Fuxe, 1995), it is possible to attain a weighted effect on GIRK channel 

activity upon receptor activation through different input systems.

Functional mechanism of 5-HT modulation and implications for antipsychotic drug activity 

5-HT2 receptors differentially affect A9 and A10 DA neuronal activity, both in vitro

and in vivo. In animal models of schizophrenia, limited as they are, it appears that 5-HT2

receptor antagonism indeed plays a role in a differential modulation of DA neuron firing 

activity by antipsychotic drugs (Geyer, 1998; Geyer et al., 2001; Jones-Humble et al., 1996; 

Svensson et al., 1995; Tricklebank, 1996) and this may underlie the reduced EPS liability in 

drugs possessing mixed D2 / 5-HT2A receptor modalities.

How are the affinities of atypical antipsychotic drugs for DA D2 and 5-HT2

receptors translated to functional changes in mesolimbic (and possibly mesocortical) DA 

neuronal firing? DA D2 receptor-mediated auto-inhibition can be enhanced by 5-HT2

receptors in the A10. Antagonism of part of the DA D2 receptor population increases the 

firing activity of DA neurons in A9 and in A10 (Mereu et al., 1983; Pucak and Grace, 1994; 

Werkman et al., 2001). However, in the presence of 5-HT, the inhibitory effect remaining 

through DA D2 receptor activation will be enhanced, thus (partly) counteracting the effect 

of the DA D2 receptor antagonism in A10 DA neurons. In the case of treatment of 

schizophrenia, the preferential effect of the atypical antipsychotic drugs is the induction of 

depolarization blockade in A10 DA neurons, while leaving the firing activity of A9 DA 

neurons largely unchanged. Classical antipsychotic drugs, as discussed before, will induce 

depolarization blockade in both areas (Chiodo and Bunney, 1983). In contrast, atypical 
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antipsychotic drugs have an additional feature that could assist in achieving selective 

depolarization blockade (Andersson et al., 1995; Grace et al., 1997). The atypical 

antipsychotic drugs also block the DA D2 receptors in A9 and A10 DA neurons. However, 

the 5-HT2 receptor antagonistic action of these drugs (Bymaster et al., 1996a) results in a 

blockade of the 5-HT-mediated enhancement of the remaining DA auto-inhibition in A10 

DA neurons, allowing a further depolarization and increase in firing rate, ultimately 

leading to depolarization blockade.

Establishing if DA D2 receptor-mediated auto-inhibition is also enhanced by 5-HT2

receptor activation in A9 DA neurons will provide clues about the role that 5-HT2 receptor 

antagonism can play in the improved atypical antipsychotic drug efficacy (and EPS 

liability).

GABAergic influences on DA neuron excitability 

As mentioned earlier, GABAergic projections and local GABAergic interneurons 

(Hebb and Robertson, 2000; Patel et al., 1995) (Fig. 2) inhibit A9 and A10 DA neuron firing 

activity. The GABAA receptor-mediated chloride conductance and GABAB receptors

(coupled to GIRK channels) hyperpolarize the cell membrane, thereby opposing excitatory 

inputs from the subthalamic nucleus and the prefrontal cortex (Floresco et al., 2001; 

Grillner and Svensson, 2000; Guatteo et al., 1999; Hausser and Yung, 1994; Mereu et al., 

1991). Despite being important regulators of DA neuron firing activity, not much is known 

about the physiological properties of the GABAergic neurons located in the A9 and the 

A10. Part of the GABAergic neurons in the A10 project to the cortex and in turn receive 

cortical glutamatergic input as well as GABAergic input (Steffensen et al., 1998) (Fig. 2). 

Studies have shown that the GABA release onto DA neurons can be inhibited by activation 

of presynaptic M3 muscarinic receptors (Grillner et al., 2000) or cannabinoid receptors 
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after release of endocannabinoids by the DA neurons (Riegel and Lupica, 2004; Szabo et 

al., 2002). Activation of histamine receptors (Korotkova et al., 2002) or 5-HT2C receptors 

excites the GABAergic interneurons (Di Giovanni et al., 2001), while 5-HT1B receptors 

inhibit them (Johnson et al., 1992). From these reports it is clear that GABAergic inhibition 

of DA neurons in A9 and A10 is modulated by presynaptic receptors as well as retrograde 

messengers released by the DA neurons themselves. Also, as the DRN projects to both DA 

neurons and GABAergic interneurons, it is conceivable that 5-HT can influence 

GABAergic neurotransmission not only by actions on the interneurons, but also by actions 

on the DA neurons. 

However, not much is known about the mechanisms of modulation of GABAergic 

inhibition at the level of the DA neuron. Since it has been shown that DA D2 receptors 

activate similar GIRK channels as the GABAB receptors on DA neurons (Lacey et al., 1988), 

it is conceivable that second messengers systems that affect DA D2 receptor-mediated 

responses also affect GABAB receptor-mediated responses.

Outline of this thesis 

It is clear that DA neuron firing activity and the serotonergic input that DA neurons 

receive are of interest, both for insights in brain disorders such as schizophrenia and for a 

better understanding of the function of DA neurons. Especially the potential differences 

between DA neurons in the A9 and the A10 and the modulation of auto-inhibition are 

crucial for gaining new insights and a better understanding. Therefore, the research 

described in this thesis is focused on determining differential aspects of the interaction of 

5-HT with DA neuron firing activity, both on the level of modulation of DA D2 receptor-

mediated auto-inhibition as well as on the cellular level, where the GIRK channel – that 
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underlies (auto-)inhibition and thus plays an important role in regulation of DA neuron 

firing activity – was studied. 

In summary, the following questions have been put forward: 

A) Is there a role for 5-HT2 receptor antagonism in the preferential reversal of 

amphetamine-induced auto-inhibition of firing activity by atypical antipsychotic drugs? 

Amphetamine evokes somatodendritic DA release and it blocks reuptake of DA, 

thereby effectively increasing the extracellular concentration of endogenous DA. This 

results in auto-inhibition of the firing activity of the DA neurons. In the past, 

amphetamine-induced inhibition of DA neuron firing activity has been used as a model to 

predict antipsychotic drug efficacy. In vivo, atypical antipsychotic drugs have been 

observed to preferentially reverse amphetamine-induced inhibition of DA neuron firing 

activity in A10. In Chapter 2 this predictive model of antipsychotic drug efficacy was used 

in an in vitro midbrain slice preparation to determine the role of 5-HT2 receptor 

antagonism in the preferential reversal of amphetamine-induced inhibition of firing 

activity (recorded extracellularly) of DA neurons by atypical antipsychotic drugs. 

B) Does 5-HT affect DA D2 receptor-mediated auto-inhibition of firing activity? 

This question has been addressed in Chapter 3. It had been established by others 

that 5-HT can enhance DA D2 receptor-mediated auto-inhibition of firing activity in A10 

DA neurons. We investigated if this enhancement by 5-HT also takes place in A9 DA 

neurons, using the extracellular recording technique. As the atypical antipsychotic drugs 

have affinity for 5-HT2 receptors we further determined whether 5-HT2 receptors were 

involved. A differential effect of 5-HT2 receptors has been suggested by in vivo research 

and could explain (part) of the preferential action of atypical antipsychotic drugs on A10 

DA neuron firing activity. 
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C) Is GIRK channel modulation the underlying mechanism by which 5-HT enhances DA 

D2 receptor-mediated responses?

In Chapter 4 we used the whole-cell voltage/current clamp configuration to 

investigate GIRK currents in A9 and A10 DA neurons in the midbrain slice preparation. 

Although extensively studied in the heart and some parts of the brain, relatively little is 

known about this current and its modulation in DA neurons. Therefore, we determined 

the effects of 5-HT on GIRK currents using both DA D2 receptor activation, as well as 

permanently active G proteins. These approaches should give information as to the 

pathways involved in the possible 5-HT modulation of the GIRK channel. 

D) Are GABAB receptor-activated GIRK currents modulated by 5-HT? 

 GABAB receptors translate GABAergic signaling from the nucleus accumbens and 

GABAergic interneurons in an inhibition of DA neuron firing activity by opening GIRK 

channels, in a similar manner as DA D2 receptors. Therefore we set out to investigate the 

effects of 5-HT on the GABAB receptor-activated GIRK current (Chapter 4).

With the experiments described in this thesis we have tried to establish if 

serotonergic modulation of midbrain DA neurons is different in A9 and A10. Furthermore 

we investigated if the (possible) differences in 5-HT-mediated modulation could underlie 

some of the actions of antipsychotic drugs on the A9 and A10 DA neurons. 
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Abstract

The role of the 5-HT2A receptor in modulating amphetamine-induced inhibition of 

DA neuronal firing in A9 and A10 was investigated in rat midbrain slices. The 

antipsychotic drugs olanzapine and clozapine more potently reversed the amphetamine-

induced inhibition in A10 neurons compared to A9 neurons. Risperidone (0.03 and 0.1 

μM) reversed amphetamine-induced inhibition of firing activity similarly in A9 and A10.

The DA D2 receptor antagonist (–)sulpiride (0.05 and 1 μM) reversed the 

amphetamine (10 μM)-induced inhibition of firing activity in A9 and A10 neurons. The 

selective 5-HT2A receptor antagonist MDL100907 (0.05 μM), strongly enhanced the reversal 

of amphetamine-induced inhibition by (–)sulpiride in A10, but its effectiveness was much 

smaller in A9 DA neurons. 

We conclude that 5-HT2A receptor antagonism enhanced reversal of amphetamine-

induced inhibition by DA D2 antagonism in A10, suggesting that DA D2 receptor 

antagonism combined with 5-HT2A receptor antagonism may play a role in antipsychotic 

drug atypicality. 
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Introduction

Increased activity of the mesoaccumbal DA circuitry originating in the Ventral 

Tegmental Area (A10) has been hypothesized to underlie some of the symptoms of 

schizophrenia (Arnt and Skarsfeldt, 1998; Pani, 2002). Antipsychotic drugs used to treat 

schizophrenia also suppress the nigrostriatal system originating in the Substantia Nigra 

pars compacta (A9) and have been implicated in extrapyramidal side-effects (Crocker and 

Hemsley, 2001; Grace et al., 1997; Wong and Van Tol, 2003b). The more recently developed 

atypical antipsychotic drugs such as clozapine and olanzapine have a broader range of 

receptor affinities and produce less extrapyramidal side-effects compared to the classical 

antipsychotic drugs (Conley and Kelly, 2002; Grace et al., 1997; Kapur and Remington, 

2001; Tarsy et al., 2002). Consequently, much effort has been invested in the development 

of new antipsychotic drugs that only possess therapeutic efficacy without the unwanted 

extrapyramidal side-effects. The main approach has been to specifically target the A10 

system, avoiding effects on the A9 system. 

          Amphetamine-induced inhibition of DA neurons is used as an in vivo model to 

determine potential antipsychotic activity (Ellenbroek and Cools, 2000; Stockton and 

Rasmussen, 1996). Amphetamine, a potent central nervous system stimulant drug with 

psychotomimetic properties, elevates extracellular DA by promoting non-vesicular DA 

release (via the DA transporter) and blocking DA re-uptake (Byrnes and Wallace, 1997; 

Jones et al., 1999; Sulzer et al., 1995). The increased extracellular DA level inhibits DA 

neuron firing activity via DA D2 auto receptors. Reversal of amphetamine-induced 

inhibition of DA neurons is a common property of clinically effective antipsychotic drugs 

(Bunney et al., 1973; Goldstein et al., 1993; Stockton and Rasmussen, 1996; White and 

Wang, 1983). This property is used as a test to predict therapeutic efficacy (reversal in A10) 
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and extrapyramidal side-effects liability (reversal in A9). In this model classical 

antipsychotic drugs reverse amphetamine-induced inhibition in both A9 and A10 DA 

neurons, while atypical antipsychotic drugs tend to reverse amphetamine-induced 

inhibition more potently in A10 than in A9 DA neurons. Reversal of amphetamine-

induced inhibition by antipsychotic drugs is explained by their DA D2 receptor 

antagonistic properties. However, it is unclear why atypical antipsychotic drugs reverse 

amphetamine-induced inhibition more potently in A10 DA neurons. Atypical 

antipsychotic drugs also have affinity for the 5-HT2A receptor (Arnt and Skarsfeldt, 1998), 

therefore it is hypothesized that this receptor is a contributing factor in the observed 

difference in reversal. This is supported by the observations that 5-HT2(A) receptor 

activation can modulate the activity of A10 DA neurons (Brodie and Bunney, 1996; 

Doherty and Pickel, 2000; Olijslagers et al., 2004; Sorensen et al., 1992), while such a role 

was not observed in A9 DA neurons.

In this study we determined if 5-HT2A receptor antagonism could affect reversal of 

amphetamine-induced inhibition by a DA D2 receptor antagonist in vitro in a rat midbrain 

slice preparation. 
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Material and Methods 

Preparation of brain slices 

After decapitation (male Wistar rats; 75-100 g; Harlan, Zeist, The Netherlands) the 

brain was quickly removed and placed in ice-cold artificial cerebrospinal fluid (aCSF) of 

the following composition (in mM): NaCl 120, KCl 3.5, MgSO4 1.2, NaH2PO4 1.25, CaCl2

2.5, D-glucose 10, NaHCO3 25, ascorbic acid 1 and gassed with a mixture of 95% O2 and 

5% CO2. A tissue block was prepared from the brain and coronal slices (350 μm thick) 

containing both the A9 and the A10 region were cut in ice-cold aCSF with a vibratome 

(model VT1000S, Leica). Immediately after cutting, the slice was transferred to warm aCSF 

(35 ºC) for 20 min, where after it was stored at room temperature for later use (Werkman et 

al., 2001). For recording, the slice was transferred to a recording chamber (volume  1 ml), 

which was continuously perfused with aCSF (  2 ml/min) and held at 35 ºC. After 

approximately 30 min of equilibration, extracellular recordings of DA neurons in the A9 

and the A10 region started. 

Extracellular recordings 

Extracellular recordings were made with electrodes that were pulled with a 

micropipette puller (Brown/Flaming P-87; Sutter Instruments, CA, USA) from thin-wall 

borosilicate glass pipettes (1.5 mm outer diameter, Science Products, Hofheim, Germany) 

and filled with aCSF. One electrode was placed in A9 and another one in A10 at positions 

where they each recorded a spontaneously active DA neuron. The following criteria had to 

be fulfilled before a neuron was considered dopaminergic (Olijslagers et al., 2004; 

Werkman et al., 2001): (i) a regular firing pattern (0.5-8 Hz); (ii) a broad (> 2 ms), triphasic 

action potential; and (iii) quinpirole sensitivity to a concentration below 0.3 μM, resulting 

in cessation of action potential firing. Neurons in A9 and A10 that fulfill the 
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electrophysiological criteria listed above have previously been identified by 

immunocytochemistry as DA-containing (Grace and Onn, 1989). The extracellular signals 

were high-pass filtered at 300 Hz and digitized at 4 kHz with an ADC converter under 

control of a personal computer for off-line analysis. 

Drugs

Unless otherwise mentioned drugs were obtained from Solvay Pharmaceuticals 

(Weesp, The Netherlands). Stock solutions were prepared as follows: 10 mM (–) sulpiride, 

10 mM clozapine, 10 mM olanzapine, 10 mM risperidone in 0.01 M HCl. MDL100907 (4-

Piperidinemethanol) stock (5 mM) was made in dimethylsulfoxide (DMSO). Quinpirole 

(10 mM, Sigma, St. Lois, MO, USA) and amphetamine (1 mM, Duchefa Farma BV, 

Haarlem, Netherlands) stock solutions were made in H2O. The solutions were diluted to 

the final concentrations in aCSF and applied to the slices by superfusion. DMSO 

concentration never exceeded 0.01%. 

Data analysis 

An analysis program running on the personal computer detected action potentials 

by means of template matching. This emphasized the characteristic shape of the 

extracellular action potentials of the DA neurons and allowed quantification of the 

neuronal activity even if gradual variations in extracellular action potential amplitude 

occurred. The times of occurrence of action potentials during control periods and during 

drug applications were determined and used to calculate the firing rate (spikes/s) in bins 

of 5 s. The mean baseline firing rate of each neuron was determined for at least 2-3 

minutes. Amphetamine-induced reduction of the firing rate in respect to the baseline level 

was calculated for each neuron. The IC50 values were calculated using the fits to the 

logistic equation of the form: 
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h
50 )(C/IC+1

F=F(C) 0

in which F(C) is the firing rate at concentration C, F0 the mean baseline firing rate, IC50 the 

concentration that induces 50% reduction in firing rate and h is a shape factor analogous to 

the Hill coefficient, which was set to 1 in all fits. 

Values are given as mean ± standard error of the mean (S.E.M.) and “n” represents 

the number of neurons recorded. Statistical comparisons between multiple groups were 

performed using an Analysis of Variance (ANOVA) and the post-hoc Dunn’s Bonferroni 

test; P< 0.05 was assumed to indicate a significant difference. 
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Results

Electrophysiological properties of A9 and A10 dopamine neurons 

Only neurons that complied with the criteria mentioned in the Methods section, 

including a complete cessation of the firing on the application of quinpirole (0.3 μM), were 

used for further experimentation.

The mean baseline firing rate of the DA neurons in A9 (mean 2.4 spikes/s, standard 

deviation 1.0 spikes/s, n=74) was higher than that of DA neurons in A10 (mean 1.6 

spikes/s, standard deviation 1.1 spikes/s, n=66, P<0.001). This difference confirmed 

earlier findings (Werkman et al., 2001).

Amphetamine-induced inhibition in A9 and A10 dopamine neurons 

Amphetamine was applied cumulatively in three concentrations (1, 10 and

50 μM; 7 min per concentration, Fig. 1A). The mean firing rate was determined for each 

concentration and its value normalized to control was plotted as a function of the 

amphetamine concentration (Fig. 1B).

Fig. 1. Amphetamine-induced inhibition of firing activity in A9 and A10 DA neurons. A) 

Recording of an A9 DA neuron. The firing rate was in a concentration-dependent way inhibited 
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during cumulative application of the indicated amphetamine (AMPH) concentrations (7 min per 

concentration). B) Normalized firing rate as a function of concentration in A9 and A10 DA 

neurons. Points represent the mean, vertical bars S.E.M. The IC50 values were in A9: 8.8 ± 3.4 μM

(n=8) and in A10: 8.9 ± 1.9 μM (n=7). 

The logistic equation was fitted to the mean data points and the IC50 values were 

calculated. The IC50 value obtained for DA neurons in A9 (IC50 = 8.8 ± 3.4 μM, n=8) was 

similar to the value obtained for neurons in A10 (8.9 ± 1.9 μM, n=7, Fig. 1B). 

To determine the stability of the amphetamine-induced inhibition a time course 

experiment was performed. Amphetamine was applied at a single concentration (10 μM) 

for 30 min and the mean firing activity was determined for 3-min periods. In DA neurons 

from A9 the firing rate was reduced by amphetamine to 22  9 % of baseline value (n=7, 

P<0.001) while in A10 the reduction amounted to 33  12 % of baseline value (n=9, 

P<0.001) (Fig 2), which was not different from A9. The amphetamine-induced inhibition 

remained stable within 8 % throughout the 30 min application period (Fig 2C, D). 

Reversal of amphetamine-induced inhibition by antipsychotic drugs

In the next series of experiments we investigated whether antipsychotic drugs 

could interfere with the amphetamine-induced inhibition of firing activity demonstrated 

in the previous paragraph. The slices were first perfused with aCSF (for 3 min), followed 

by perfusion with 10 μM amphetamine. During this perfusion with amphetamine, two 

cumulative concentrations of the antipsychotic drug were applied (4 min per 

concentration). The first (low) concentration was applied 6 min after the start of 

amphetamine application, at which time the amphetamine-induced inhibition had reached 

a stable level.
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Fig. 2. Time-course of amphetamine-induced inhibition of A9 and A10 DA neuron firing rate. 

Examples of a recorded A9 DA neuron (A) and an A10 DA neuron (B), during a 30-min perfusion 

period with 10 μM amphetamine (AMPH). C) The mean inhibition of A9 DA neuron firing activity 

induced by 30-min of amphetamine application, determined over 3-min intervals (n=12). D) The 

mean amphetamine-induced inhibition of A10 DA neuron firing activity (n=9). Bars indicate 

S.E.M.

(–)Sulpiride

(–)Sulpiride is a selective DA D2 receptor antagonist and was used as a representative of 

the typical antipsychotic drug class. The low concentration (–)sulpiride (0.05 μM) 

significantly reversed the amphetamine-induced inhibition of A9 DA neurons back to 100 

± 10 % of baseline firing (compared to amphetamine, P<0.01). In DA neurons from A10 the 
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amphetamine-induced inhibition was reversed to 93 ±  8 % of baseline firing (Fig. 3). The

high concentration of 1 μM (–)sulpiride not only reversed the amphetamine-induced 

inhibition, but it further enhanced firing rate in A9 to 142 ± 13 % of baseline level (P<0.01,

compared to amphetamine). In A10 a firing rate of 145 ± 11 % could be reached by 

application of the high concentration of (–)sulpiride (Fig. 3). We could not detect any 

difference between the effect of (–)sulpiride on DA neurons in A9 or those in A10. 

Fig. 3. Reversal of amphetamine-induced inhibition of A9 and A10 DA neuron firing activity by 

the DA D2 receptor antagonist (–)sulpiride.

A) Recording of a DA neuron in A10. During amphetamine (AMPH) perfusion (10 μM) (–

)sulpiride (SUL) was cumulatively applied in two concentrations (0.05 and 1 μM; 4 

min/concentration). B) The low    (–)sulpiride concentration already reversed amphetamine-

induced inhibition in A9 as well as in A10 (A9, n=12; A10, n=9). When 1 μM (–)sulpiride was 

applied, the firing rate exceeded baseline level considerably. Vertical bars indicate S.E.M., asterisks 

indicate significance, **) P <0.01. 

Interaction of 5-HT2A and dopamine D2 receptor antagonism in reversal of AMPH-induced 

inhibition

Atypical antipsychotic drugs are not only (weak) DA D2 receptor antagonists, but 

they are also 5-HT2A receptor antagonists. Therefore we tried to determine whether 5-HT2A

receptor antagonism could play a role in the difference in reversal in A9 and A10 DA 

41



Chapter 2 

neurons induced by atypical antipsychotic drugs that was reported in vivo. The selective 5-

HT2A antagonist MDL100907 was applied in the amphetamine-induced inhibition model, 

either alone or in combination with the selective DA D2 antagonist (–)sulpiride.

MDL100907

Previously we reported (Olijslagers et al., 2004) that the selective 5-HT2A receptor

antagonist MDL100907 does not affect the basal firing rate of DA neurons in A9 and A10 

(concentrations up to 2 μM). When MDL100907 (0.05 μM or 1 μM) was applied in the 

presence of amphetamine, it did not affect the amphetamine-induced inhibition of firing 

activity (Fig 4A). In the presence of 0.05 μM MDL100907 and amphetamine, the firing 

activity was 26 ± 8 % of baseline level in A9 (n=8) (not different from amphetamine alone: 

25 ± 8 % of baseline), while in A10 these values were 11 ± 7 % and 12 ± 8 %, respectively 

(n=7).

Combined (–)sulpiride and MDL100907 effects

Next the selective DA D2 receptor antagonist (–)sulpiride was used in combination 

with MDL100907 (0.05 μM) to (partly) mimic the pharmacological profile of atypical 

antipsychotic drugs. The experimental protocol was as follows: first amphetamine (10 μM) 

was applied (6 min), followed by amphetamine in the presence of either 0.05 or 1 μM (–

)sulpiride for 4 min. Then amphetamine and (–)sulpiride (same concentrations as before) 

were applied in the presence of 0.05 μM MDL100907 (4 min). In the presence of 

MDL100907, 0.05 μM (–)sulpiride reversed amphetamine-induced inhibition of A9 DA 

neurons to a level of 98 ± 5 % (n=6) of baseline firing activity (compared to amphetamine, 

P<0.01), a similar level as the mean reversal by 0.05 μM (–)sulpiride alone (91 ± 6 %) (Fig. 

4A).  In A10 DA neurons simultaneous application of 0.05 μM (–)sulpiride and 0.05 μM 
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MDL100907 reversed amphetamine-induced inhibition and further increased firing 

activity above baseline level to 153 ± 24 % (n=5). This level was significantly higher 

compared to the reversal to 96 ± 12 % of baseline level observed with 0.05 μM (–) sulpiride 

alone in A10 DA neurons (P<0.05) and the reversal by (–)sulpiride and MDL100907 in A9 

DA neurons (P<0.05) (Fig. 4A).

In A9 neurons, 1 μM (–)sulpiride in the presence of 0.05 μM MDL100907 reversed 

amphetamine-induced inhibition and further increased firing activity above baseline to 

130 ± 13 % (compared to amphetamine, P<0.01, n=6), a level not different from what was 

attained by 1 μM (–)sulpiride alone (130 ± 11 %) (Fig. 4B). In A10 DA neurons, 1 μM (–

)sulpiride in combination with 0.05 μM MDL100907 in the presence of amphetamine 

increased firing activity to 185 ± 14 % (n=6) of baseline level, which was higher (P<0.05)

than the reversal by 1 μM (–)sulpiride and MDL100907 in A9 (Fig. 4B), but the difference 

with the reversal induced by 1 μM (–)sulpiride alone did not reach significance in A10 DA 

neurons.

Clozapine

The atypical antipsychotic drug clozapine was applied in concentrations of 1, 10 

and 100 μM during perfusion with amphetamine. In A9 DA neurons, amphetamine-

induced inhibition of firing activity was not reversed by 1 μM clozapine (31 ± 11 % of 

baseline level, n=10). In A10 DA neurons, 1 μM clozapine did partly reverse 

amphetamine-induced inhibition (53 ± 10 %, n=9, compared to amphetamine-induced 

inhibition, P< 0.01) (Fig. 5A). 10 μM Clozapine reversed amphetamine-induced inhibition 

in A10 DA neurons to baseline firing activity (107 ± 10 %, compared to amphetamine, P<
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0.01) (Fig. 5A), while in A9 this concentration of clozapine reversed amphetamine-induced 

inhibition to only 71 ± 15 % (compared to amphetamine, P< 0.01). 

Fig. 4. Reversal of amphetamine-induced inhibition of A9 and A10 DA neuron firing activity by

(–)sulpiride and the 5-HT2A receptor antagonist MDL100907.

During amphetamine (–)sulpiride (SUL) was applied alone, or in the presence of MDL100907 

(MDL, 0.05 μM). A) Reversal of amphetamine (AMPH)-induced inhibition of firing activity by 0.05 

μM (–)sulpiride and MDL100907. In the presence of 0.05 μM MDL100907 the reversal induced with 

(–)sulpiride exceeded baseline level in A10, but not A9 DA neurons (A9, n=6; A10, n=5). A high 

concentration of MDL100907 (1 μM) alone did not reverse the amphetamine-induced inhibition. B) 

The experiment of A now for the (–)sulpiride concentration of 1 μM. Vertical bars indicate S.E.M. 

(A9, n=6; A10, n=6). Asterisks indicate significance, *) P <0.05 **) P <0.01. 

The reversal that was induced by clozapine in A10 DA neurons was significantly larger 

than the reversal induced in A9 DA neurons for both concentrations used (P< 0.05). A few 

cells (A9, n=3 and A10, n=3) were also tested with 100 μM of clozapine, to see if this 

concentration could reverse amphetamine-induced inhibition to baseline level in A9 DA 

neurons and/or exceed baseline level. In A9 DA neurons, 100 μM clozapine did reverse 

amphetamine-induced inhibition to baseline level (106 ± 10 %, P<0.05). In A10 DA neurons 
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a trend towards reversal of amphetamine-induced inhibition exceeding baseline was 

observed (172 ± 50 %). 

Olanzapine

An atypical antipsychotic drug that closely resembles the pharmacological profile of 

clozapine is olanzapine. In the presence of 1 μM olanzapine, amphetamine-induced 

inhibition in A10 DA neurons was reversed (P<0.01) and firing activity further increased 

to 158 ± 19 % above baseline (n=5), while in A9 no reversal of amphetamine-induced 

inhibition was observed (Fig. 5B). When 10 μM olanzapine was applied, amphetamine-

induced inhibition was reversed to 95 ± 12 % of baseline activity in A9 DA neurons 

(P<0.01, n=9). However, in A10 DA neurons this concentration of olanzapine significantly 

reversed amphetamine-induced inhibition and further increased firing activity to 178 ± 19 

% of baseline level (compared to amphetamine, P<0.01, n=4,) (Fig. 5B). The firing activity 

that was induced by olanzapine in A10 DA neurons was significantly larger than the firing 

activity induced in A9 DA neurons for both concentrations (P<0.01) (Fig. 5B).

Risperidone

The atypical antipsychotic drug risperidone was used in concentrations of 0.03 and 

0.1 μM. In A9 and A10 DA neurons the amphetamine-induced inhibition was reversed in 

the presence of 0.03 μM risperidone to 87 ± 8 % (n=5), respectively 88 ± 22 % (n=5) of 

baseline level (compared to amphetamine, P<0.05) (Fig. 5C). Amphetamine-induced 

inhibition was reversed to exceed baseline level by 0.1 μM risperidone in A9 and A10 DA 

neurons, to 120 ± 11 % and 127 ± 11 % of baseline level, respectively (compared to 

amphetamine, P<0.01) (Fig. 5C). The effect of risperidone was not different in A9 and A10 

DA neurons. 

45



Chapter 2 

Fig. 5. Reversal of amphetamine-induced 

inhibition of A9 and A10 dopamine neuron 

firing activity by antipsychotic drugs. 

(A) The atypical antipsychotic drug clozapine (A9, n=10; A10, n=9) was applied in concentrations 

of 1, 10 and 100  μM. In A10 DA neurons, the reversal of amphetamine-induced inhibition reached 

and exceeded baseline level (set at 100 %) when 10 and 100 μM (n=3) clozapine where used, while 

in A9 DA neurons only 100 μM clozapine reversed inhibition to baseline level (n=3). The reversal 

induced by clozapine was larger in A10 than in A9 for 1 and 1 μM clozapine. (B) Reversal of 

amphetamine-induced inhibition by 1 and 10 μM olanzapine (A9, n=9; A10, n=4). In A10 DA 

neurons, the reversal of amphetamine-induced inhibition exceeded baseline level (set at 100 %), 

while in A9 DA neurons only 10 μM olanzapine reversed inhibition. The reversal induced by 

olanzapine was larger in A10 than in A9. C) Reversal of amphetamine-induced inhibition by 0.03 

and 0.1 μM risperidone (A9, n=5; A10, n=5). Risperidone reversed amphetamine-induced 

inhibition in A9 and A10 DA neurons for both concentrations used. The reversal exceeded the 

baseline level in A9 and A10 DA neurons when 0.1 μM risperidone was used. Vertical bars indicate 

S.E.M. Asterisks indicate significance, *) P <0.05, **) P <0.01. 

46



Chapter 2 

Discussion

5-HT2(A) antagonism is hypothesized to be a critical feature of atypical antipsychotic 

drugs, since most atypical antipsychotic drugs not only share antagonism for DA D2

receptors, but also antagonism for 5-HT2A receptors (Meltzer et al., 2003). In addition, we 

and others have found that 5-HT2A and 5-HT2C receptor activation can modulate DA 

neuron firing rate in A10, but not in A9 (Di Giovanni et al., 2000; Di Matteo et al., 1999; 

Olijslagers et al., 2004). Also, in vivo amphetamine-induced DA release can be enhanced by 

5-HT2A receptor activation (Ichikawa and Meltzer, 1995; Kuroki et al., 2003; Sorensen et al., 

1992). Therefore, 5-HT2A receptor antagonism might contribute to the difference in reversal 

of amphetamine-induced inhibition of A9 and A10 DA neurons by atypical antipsychotic 

drugs that has been reported in vivo (Bunney et al., 1973; Goldstein et al., 1993; Stockton 

and Rasmussen, 1996; White and Wang, 1983). To investigate the role of 5-HT2A

antagonism in reversal of amphetamine-induced inhibition, we used the selective DA D2

receptor antagonist (–)sulpiride in combination with the selective 5-HT2A receptor 

antagonist MDL100907. (–)Sulpiride alone potently reversed amphetamine-induced 

inhibition in DA neurons of both A9 and A10, which is in line with in vivo observations on 

classical antipsychotic drugs (Goldstein et al., 1993; Meltzer et al., 1989). Increasing the (–

)sulpiride concentration to 1 μM further increased firing rate to levels significantly above 

baseline firing. Increasing the firing activity of A9 and A10 DA neurons above baseline is 

an effect of (–)sulpiride due to blockade of the inhibitory effect of endogenously released 

DA. The (–)sulpiride induced-increase in firing rate has been reported previously 

(Werkman et al., 2001). However, when 0.05 μM (–)sulpiride was combined with the 

selective 5-HT2A receptor antagonist MDL100907 (0.05 μM), a marked increase to 153 % of 

baseline level was observed, compared to 0.05 μM (–)sulpiride alone (96 % of baseline) in 

A10 DA neurons. Interestingly, this marked increase when MDL100907 was present was 
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not observed in A9 DA neurons. In contrast, when a higher concentration (1 μM) of

(–)sulpiride was used in combination with MDL100907, no difference could be observed 

between (–)sulpiride alone or (–)sulpiride together with MDL100907 in either A10 or A9 

DA neurons. Thus it seems that increasing the degree of DA D2 receptor antagonism 

reduces the effect of 5-HT2A receptor antagonism. When we compare these results to the 

effects of risperidone, we might be able to explain the observation that this atypical 

antipsychotic drug reverses amphetamine-induced inhibition similarly in A9 and A10 DA 

neurons. Recalling the in vivo observation that atypical antipsychotic drugs reverse 

amphetamine-induced inhibition more potently in A10 DA neurons, risperidone does not 

behave accordingly to its atypical profile. Since no in vivo results for amphetamine-

induced reversal by risperidone are available, we cannot compare our findings. However, 

from other in vivo models and the clinic, it seems that risperidone has a more narrow 

therapeutic window compared to other atypical antipsychotic drugs, possibly due to its 

potent DA D2 receptor antagonism (Arnt and Skarsfeldt, 1998; Tarsy et al., 2002). The high 

DA D2 receptor affinity of risperidone (Ki = 0.4 nM) is similar to the affinity of (–)sulpiride

(0.7 nM), which may be the reason why risperidone- and (–)sulpiride-induced reversal 

seem alike in our experiments. While risperidone also has a high 5-HT2A receptor affinity 

(Ki= 0.4 nM) compared to olanzapine and clozapine (Ki=1.9 nM and 4 nM, respectively) 

(Arnt and Skarsfeldt, 1998; Markowitz et al., 1999), the more potent DA D2 receptor 

affinity compared to clozapine (Ki = 36 nM) or olanzapine (Ki = 2 nM) might impact on the 

5-HT2A receptor antagonizing effects. This is in line with our observation that after 

increasing the concentration of (–)sulpiride in combination with MDL100907 we could no 

longer detect a difference with (–)sulpiride alone in A10 DA neurons.
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As for the other two atypical antipsychotic drugs, clozapine and olanzapine, a 

difference in reversal of amphetamine-induced inhibition between A9 and A10 was 

observed. Olanzapine induced the most pronounced difference in reversal between A9 

and A10 DA neurons. Olanzapine (1 and 10 μM) clearly induced a strong reversal of 

amphetamine-induced inhibition and further increased firing activity above baseline level 

in A10 DA neurons, while in DA neurons from A9 the effect of olanzapine was clearly less. 

These observations are in agreement with in vivo results (Goldstein et al., 1993; Stockton 

and Rasmussen, 1996). With clozapine a similar pattern of reversal could be observed.

1 μM Clozapine reversed amphetamine-induced inhibition in A10 DA neurons, but not in 

A9 DA neurons. 

We demonstrated previously that 5-HT2A receptor activation enhances DA D2

receptor mediated auto-inhibition in A10, but not A9 DA neurons (Olijslagers et al., 2004).

We hypothesized that the 5-HT2A antagonistic property of atypical antipsychotic drugs 

prevents the facilitation of (DA D2 receptor-mediated) auto-inhibition in A10. This would 

enable endogenous 5-HT to facilitate auto-inhibition in A9, thus counteracting the increase 

in firing activity induced by DA D2 receptor blockade, which could be reflected by a lower 

extrapyramidal side-effects liability. In addition, our present results indicate that 5-HT2A

receptor antagonism enhances the effect of DA D2 receptor antagonism in A10 DA 

neurons, again eventually resulting in a reduced extrapyramidal side-effects liability.

Our results suggest that combining 5-HT2A receptor antagonism with a DA D2

receptor antagonist can enhance reversal of amphetamine-induced inhibition in A10 DA 

neurons more easily than in A9 DA neurons. This suggests that the 5-HT2A receptor 

antagonistic property of atypical antipsychotic  drugs plays a role in the more potent 

reversal of amphetamine-induced inhibition in A10 DA neurons.
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Besides 5-HT2A receptor antagonism, other mechanisms or neurotransmitter 

receptors could play a role in determining antipsychotic activity. For instance, the 

antipsychotic drug amisulpride has no affinities for receptors other than DA D2 and D3

receptors, while it behaves as an atypical antipsychotic drug (Leucht, 2004; Scatton et al., 

1997). It is also known that amphetamine can release other catecholamines, which could 

affect firing activity of DA neurons. 

By using an in vitro approach with good pharmacological accessibility, we were 

able to determine that 5-HT2A receptor antagonism of atypical antipsychotic drugs plays a 

role in the more potent reversal of amphetamine-induced inhibition in A10 DA neurons, 

suggesting that antipsychotic activity of antipsychotic drugs can be enhanced by 5-HT2A

receptor antagonism.

50



 Chapter 3 

5-HT2 receptors differentially modulate dopamine-mediated 

auto-inhibition in A9 and A10 midbrain areas of the rat 

Johanna E. Olijslagers, Taco R. Werkman, Andrew C. McCreary, Richard Siarey,

Chris G. Kruse and Wytse J. Wadman

Neuropharmacology 2004, 46: 504-510 
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Abstract

5-HT (20 μM) enhanced DA D2-like receptor mediated reduction of the firing rate of 

DA neurons in the Substantia Nigra pars compacta (A9) and Ventral Tegmental area (A10) 

in a rat midbrain slice preparation. Quinpirole (30 nM) induced a mean reduction of the 

firing rate in A9 and A10 DA neurons to 64 ± 4% respectively 71 ± 5% of the baseline 

value. Bath application of 5-HT in the presence of quinpirole further reduced the firing 

rate to 37 ± 7% in A9 and 33 ± 13% in A10. 

The 5-HT2 receptor agonist (±)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane

hydrochloride (DOI, 500 nM) enhanced quinpirole-induced reduction of firing rate of A10 

DA neurons, but not of A9 DA neurons, suggesting that different 5-HT receptor subtypes 

are involved in modulation of DA D2-like receptor mediated inhibition in the two regions. 

The selective 5-HT2A receptor antagonist MDL100907 and the selective 5-HT2C receptor

antagonist SB242084 (50 and 500 nM) both abolished the enhancement of quinpirole-

induced reduction by either 5-HT or DOI, suggesting the involvement of direct and 

indirect (possibly via interneurons) modulation pathways in A10. The involvement of

5-HT and specific 5-HT2 receptors in augmentation of auto-inhibition in A10 could have 

important implications for our understanding of the mechanism of atypical antipsychotic 

drug action.
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Introduction

DA neurons in the Substantia Nigra pars compacta (SN or A9) and in the Ventral 

Tegmental Area (VTA or A10) receive serotonergic (5-HT) input that originates 

predominantly in the Dorsal Raphe Nucleus (DRN) (Herve et al., 1987; Moukhles et al., 

1997). Several (5-HT) receptor subtypes are present in brain areas that contain DA 

neurons, e.g. 5-HT1, 5-HT2, 5-HT3, 5-HT4 and 5-HT6. Receptors of the 5-HT2C subtype seem 

to be present on -aminobutyric acid (GABA) containing interneurons located in the A9 

and A10 regions (Cornea-Hebert et al., 1999; Doherty and Pickel, 2000; Eberle-Wang et al., 

1997). In vivo administration of serotonergic agents modulates the typical electrical activity 

of DA neurons in A9 and A10. Stimulation of the DRN has an inhibitory effect on DA 

neurons in both A9 and A10, but it sometimes can lead to excitation, probably due to the 

release of other transmitters than 5-HT (Gervais and Rouillard, 2000). Administration of 

serotonergic agonists or antagonists decreases respectively increases the firing rate of 

neurons in either A9 or A10, or it can change their firing pattern. Despite the large 

variability of reported results, 5-HT2 receptors seem to play a much less prominent role in 

5-HT receptor mediated inhibition in A9 than in A10 (Di Giovanni et al., 1999; Di Mascio et 

al., 1998; Di Matteo et al., 1999; Minabe et al., 2001). In vitro application of 5-HT did not 

have a direct effect on the firing activity of DA neurons in A10, but enhanced the 

reduction induced by the application of quinpirole, a DA D2-like receptor agonist, 

probably by activating 5-HT2 receptors (Brodie and Bunney, 1996). Another in vitro study 

(Pessia et al., 1994) reported, however, modulation of the firing rate of DA neurons in A10 

by 5-HT alone. An interaction between the 5-HT and DA system could explain the 

effectiveness of atypical antipsychotic drugs (Chiodo and Bunney, 1983; Hilger and 

Kasper, 2000; Lieberman et al., 1998), which often combine a strong 5-HT2 receptor 
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antagonism with a moderate DA receptor antagonism (Schotte et al., 1996). Using a 

midbrain slice preparation we investigated the direct effects of 5-HT on DA-mediated 

auto-inhibition in A9 and A10, with an emphasis on the differential effects in the two 

areas. We also determined which 5-HT2 receptor subtypes mediated the 5-HT response.
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Material and Methods

Preparation of brain slices 

After decapitation (male Wistar rats; 75-100 g; Harlan, Zeist, The Netherlands) the 

brain was quickly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF) of 

the following composition (in mM): NaCl 120, KCl 3.5, MgSO4 1.2, NaH2PO4 1.25, CaCl2

2.5, D-glucose 10, NaHCO3 25, ascorbic acid 1 and gassed with a mixture of 95% O2 and 

5% CO2. A tissue block was prepared from the brain and 350 μm thick coronal slices that 

contained both the A9 and the A10 region, were cut in ice-cold ACSF with a vibratome 

(model VT1000S, Leica). Immediately after cutting, the slice was transferred to warm 

ACSF (35 ºC) for 20 min to recover from the slicing procedure, thereafter it was kept at 

room temperature (Werkman et al., 2001). For recording the slice was transferred to a 

recording chamber (volume  1 ml), which was continuously perfused with ACSF (  2 

ml/min) and held at 35 ºC. After approximately 30 min of equilibration, extracellular 

recordings of DA neurons in the A9 and the A10 region started. 

Extracellular recordings 

Extracellular recordings were made with electrodes that were pulled from thin-wall 

borosilicate glass pipettes (1.5 mm outer diameter, Science Products, Hofheim, Germany) 

with a micropipette puller (Brown/Flaming P-87; Sutter Intruments) and filled with ACSF 

(electrode resistances 5-10 M ). One electrode was placed in A9 and another one in A10 at 

a position where it recorded a spontaneously active DA neuron. The following criteria had 

to be fulfilled before a neuron was considered dopaminergic (Werkman et al., 2001): (i) a 

regular firing pattern (0.5-8 Hz); (ii) a broad (> 2 ms), triphasic action potential; and (iii) 

quinpirole sensitivity to a concentration below 300 nM (resulting in cessation of action 

potential firing). It was demonstrated previously in vitro that immunocytochemically 
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identified DA-containing neurons in A9 and A10 fulfill the electrophysiological criteria 

listed above (Grace and Onn, 1989). The extracellular signals were high-pass filtered at 300 

Hz, stored on videotape and simultaneously digitized at 4 kHz with an ADC converter 

under control of an Atari PC and stored for off-line analysis. 

Data analysis 

An analysis program running on an Atari PC detected action potentials by means of 

template matching. This emphasized the characteristic shape of the extracellular action 

potentials of the DA neurons (Fig. 1) and allowed quantification of the neuronal activity 

even if gradual variations in extracellular action potential amplitude occurred. The times 

of occurrence of action potentials during control periods and during drug applications 

were determined and used to calculate the mean firing rate (spikes/s) over periods of 5 s. 

The baseline firing rate of each neuron was determined for at least 2-3 minutes after cell 

firing had stabilized. Quinpirole-induced reduction of the firing rate in respect to the 

baseline level was calculated for each neuron. Values are given as mean ± standard error 

of the mean (S.E.M.) and “n” represents the number of neurons recorded. Statistical 

comparisons between multiple groups were performed using an ANOVA and the post-

hoc Dunn’s Bonferroni test. P < 0.05 was used to indicate a statistical difference. 

Materials

Stock solutions of 10 mM quinpirole (Sigma, the Netherlands) and 5 mM 5-HT 

(Sigma, the Netherlands) were made in H2O. The 5-HT2 receptor agonist (±)-1-(2,5-

dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride (DOI), the 5-HT2A receptor 

antagonist MDL100907 and the 5-HT2C receptor antagonist SB242084 (Solvay

Pharmaceuticals, Weesp, The Netherlands) were dissolved in dimethylsulphoxide 
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(DMSO). The solutions were diluted to the final concentrations in ACSF and applied to the 

slices by superfusion; DMSO concentration never exceeded 0.01%. 
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Results

5-HT enhances the quinpirole-induced reduction of cell firing

In most experiments a simultaneous recording of a DA neuron in A9 as well as in 

A10 was made. Only neurons that fulfilled the characteristic dopaminergic 

electrophysiological criteria, summarized in the previous section, were analyzed. Figure 1 

shows examples of traces recorded from DA neurons in A9 (Fig. 1A) and A10 (Fig. 1B). In 

figure 1C and D, the shape of a typical action potential of an A9 and an A10 DA neuron is 

shown on an enlarged time scale.

Fig 1. Extracellular recordings from DA neurons in A9 and A10. 

Example of extracellular recordings from DA neurons in A9 (A) and in A10 (B).

Extracellularly recorded action potential from a DA neuron in A9 (C), expanded from A and from 

A10 (D) expanded from B.
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The effect of the drugs on firing rate was evaluated at the end of each application period 

and compared with the baseline firing rate, determined during a three-minute period prior 

to the first drug application. Application of the DA D2-like receptor agonist quinpirole 

induced a concentration-dependent reduction of the firing rate of the DA neurons in A9 

and A10 (Werkman et al., 2001). The interaction between 5-HT and quinpirole on the firing 

rate was determined for a quinpirole concentration of 30 nM, which produced less than 

half maximal reduction of the firing rate (Fig. 2). 

Fig. 2. Quinpirole-induced reduction of the firing rate of DA neurons in A9 and A10.

The firing rate, expressed as the number of spikes per second, of an A9 DA neuron (A) and an A10 

DA neuron (B), measured simultaneously in the same slice. Horizontal bars indicate 5-min 

applications of 30 nM quinpirole (QP).

The mean firing rate of A9 DA neurons of 2.03 ± 0.12 spikes/s was reduced to 1.29 ± 0.10 

spikes/s (n=32) in the presence of 30 nM quinpirole, a reduction to 64 ± 3 % of the baseline 

firing rate. In A10 DA neurons, the mean firing rate of 1.68 ± 0.13 spikes/s decreased to 

1.14 ± 0.11 spikes/s (n=29), a reduction to 68 ± 3 %, not different from the value in A9.

Application of 5-HT alone (20 μM) did not affect the firing rate of DA neurons in A9
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(n =6) or in A10 (n=5). But the presence of 20 μM 5-HT enhanced the quinpirole-induced 

reduction of the firing rate in A9 DA neurons down to 41 ± 8 % (n=17) and in A10 DA 

neurons, down to 38 ± 7 % (n=14), all measures in respect to baseline firing rate (100% line 

in Fig. 3). The reduction induced by 5-HT in A9 DA neurons was not statistically different 

from that observed in A10 DA neurons. 

Fig. 3. Mean relative firing rate of DA neurons after application of quinpirole (QP) or of QP in the 

presence of 5-HT or DOI with and without the selective 5-HT2 receptor antagonists (MDL100907 or 

SB242084).

(A) The reduction of the mean firing rate of A9 DA neurons by QP (30 nM), QP + 5-HT (20 �M), 

QP + 5-HT in the presence of MDL (500 nM) or SB (500 nM), QP + DOI (500 nM) or QP + DOI in 

the presence of MDL or SB (100% line indicates basal firing rate). 

(B) The effect of the same drugs as in Fig. 3A on the mean firing rate of A10 DA neurons. 

Vertical bars indicate S.E.M. Asterisks indicate significant differences, *) p<0.05, **) p<0.01

Differential effects of a 5-HT2 agonist in A9 and A10 

In the next series of experiments, we investigated which type of 5-HT receptor was 

responsible for the enhancement of the quinpirole-induced reduction. DOI was used as a 

specific   5-HT2 receptor agonist. DOI alone in concentrations up to 2 μM did not change 

60



Chapter 3

the firing rate of DA neurons in A9 (106 ± 5 %, n=12) or A10 (103 ± 3 %, n=12). But 

application of 500 nM DOI in the presence of 30 nM quinpirole enhanced the quinpirole-

induced reduction of the firing rate in the A10 DA neurons down to 58 ± 4 % (n=15), while 

no effect of DOI could be recorded in A9 (Fig. 3). The quinpirole-induced reduction in A10 

DA neurons in the presence of DOI was significantly larger (p<0.05) than the reduction 

observed with quinpirole alone, but less than the one induced by 5-HT (Fig. 3, significance 

indicated by asterisks).

Effects of selective 5-HT2A and 5-HT2C receptor antagonists

Pharmacology using specific antagonists allowed us to distinguish between the two

subtypes of 5-HT2 receptors that can both be activated by DOI. The selective 5-HT2A

receptor antagonist MDL100907 and the selective 5-HT2C receptor antagonist SB242084 

were applied in A9 and A10 under conditions where 5-HT or DOI enhanced the 

quinpirole response (Fig. 3). Two concentrations were used, 50 and 500 nM, to cover the 

wide range of concentrations reported in the literature. Application of SB242084 alone in 

concentrations up to 2 μM did not affect the firing rate of DA neurons in A9 (101 ± 3 %, 

n=8) or in A10 (106 ± 4 %, n=6). At a concentration of 50 nM SB242084 antagonized the 5-

HT mediated enhancement of quinpirole-induced reduction of firing rate in A10 to 76 ±

10 % of baseline (n=3, Fig. 4D). At a concentration of 500 nM SB242084 the enhancement 

by  5-HT of the quinpirole-induced reduction of the firing rate (to 38 ± 7 % of baseline 

level, n=14) was equally antagonized as with 50 nM and the firing rate of 70 ± 3 % of 

baseline level (n=4) was not different from that induced by quinpirole alone (Fig. 4B). The 

enhancement of the quinpirole response by DOI in A10, down to 58 ± 4% of baseline level, 
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was also antagonized in the presence of 500 nM SB242084 and the firing rate of 78 ± 8 % 

(n=5) was not different from that induced by quinpirole alone (summary in Fig. 3B). 

Fig. 4. Effects of quinpirole (QP), QP and 5-HT and the antagonistic action of the selective 5-HT2C

antagonist SB242084 on the firing rate of DA neurons.

The mean firing rates of DA neurons in A9(A,C) and in A10 (B,D), expressed as the number of 

spikes per second. The filled bars indicate 4-min applications of 30 nM quinpirole (QP), the open 

bars 8-min applications of 20 μM 5-HT and the dashed bar 12-min application of 500 nM SB242084 

in A and B. In C and D 50 nM SB242084 was applied. 

The selective 5-HT2A receptor antagonist MDL100907 applied alone (up to 2 μM) did not 

affect the firing rate of DA neurons in A9 (104 ± 3 %, n=8) or in A10 (102 ± 4 %, n=6). 
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In a concentration of 50 nM, MDL100907 antagonized the 5-HT mediated 

enhancement of quinpirole-induced reduction of the firing rate of A10 DA neurons (n=3) 

to 52 ± 12% of baseline firing. Application of 5-HT and quinpirole in the presence of 500 

nM MDL100907 confirmed this observation and induced a reduction in firing rate to 55 ±

9 % of baseline level (n=5). When DOI and quinpirole were applied in the presence of 

MDL100907 (500 nM) the firing rate of DA neurons in A10 was reduced to 83 ± 6 % (n=5), 

which was not different from the reduction by quinpirole alone and significantly higher 

(p<0.01) than the firing rate in the presence of DOI (Fig. 3B, statistics indicated by 

asterisks).

In Figure 4A and C the same experiment as illustrated in 4B,D is shown for a DA 

neuron in A9. (For a summary see figure 3A). In A9, where no significant effect of DOI on

the quinpirole-induced reduction of firing rate was observed, neither SB242084 nor 

MDL100907 (both 50 and 500 nM) could antagonize the reduction in firing rate induced by 

quinpirole in the presence of 5-HT (respectively 37 ± 12 %, n=6 and 40 ± 12 %, n=5 of 

baseline level with 500 nM of antagonist) or quinpirole and DOI (firing rates respectively 

75 ± 5 %, n=5 and 75 ± 7 %, n=5 of baseline level with 500 nM antagonist) (Fig. 3A).
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Discussion

The firing rate of DA neurons in the regions A9 and A10 is reduced in vivo, by the 

administration of 5-HT or serotonergic pharmaca (Di Giovanni et al., 1999; Di Mascio et 

al., 1998; Di Matteo et al., 1999; Gervais and Rouillard, 2000; Minabe et al., 2001). We 

confirmed the interaction between 5-HT and DA in an in vitro slice preparation that 

contained both regions and investigated which serotonergic receptor subtypes are 

involved.

In our experiments 20 μM 5-HT alone did not affect the basal firing rate, as was also 

described by Brodie et al.(1996). At a much higher concentration (30-100 μM) Pessia et al. 

(1994), reported inhibition as well as excitation of DA neurons in A10, which could 

indicate the presence of several 5-HT receptors with different sensitivities. To compare in

vitro and in vivo data is complex due to the great difference in experimental conditions, e.g. 

anesthesia (in vivo) and the absence of active projections in vitro. The absence of 

background activity and the continuous wash out of released DA by the perfusion system 

could both result in a lower DA level in the slice, which might affect how much 

modulation can still be attained. In vivo stimulation of 5-HT neurons in the DRN inhibits 

most of the recorded DA neurons in A9 (Gervais and Rouillard, 2000), while the majority 

of DA neurons in A10 was excited. However, when endogenous 5-HT was depleted, the 

fraction of neurons that was inhibited by DRN stimulation was significantly decreased, 

while the fraction of excited neurons remained the same. Increasing the extracellular 5-HT 

concentration by intravenous administration of selective serotonin reuptake inhibitors 

(SSRI’s) had a slight (10-20%), but significant inhibitory effect on the firing rate of 

spontaneously active DA neurons in A10 (Di Mascio et al., 1998). Considering the higher 

DA level in vivo, these results agree with our finding that 5-HT is inhibitory when 
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dopaminergic activity is artificially increased in the slice using the DA D2 receptor agonist 

quinpirole.

The experiments with the 5-HT2 receptor agonist DOI as well as the selective 5-HT2

receptor antagonists SB242084 and MDL100907 indicated that in the A10 region 5-HT2

receptor activation enhances DA D2-like receptor mediated inhibition of the firing rate of 

DA neurons in vitro, as was described by Brodie et al. (1996) (but see Pessia et al., 1994), 

who used a substantially higher concentration DOI). DOI application (500 nM) resulted in 

about 50% of the inhibition induced by 5-HT. This difference was most likely related to 

different agonist efficiencies, since the selective 5-HT2 receptor antagonists could 

completely antagonize the 5-HT-induced enhancement of auto-inhibition of DA neurons 

in A10. In A9 however, the enhancement was not mediated by 5-HT2 receptors, since the 

5-HT-induced enhancement of auto-inhibition of A9 DA neurons could not be mimicked 

by DOI or be antagonized by selective 5-HT2 receptor antagonists. In vivo, it was shown 

that activation of 5-HT2 receptors inhibits the firing activity of DA neurons in A10, but not 

A9 (Di Giovanni et al., 2000; Di Matteo et al., 2002; Di Matteo et al., 2001; Di Matteo et al., 

1999). This despite the fact that the presence of 5-HT2 receptors in both regions was 

immunohistochemically demonstrated (Cornea-Hebert et al., 1999; Eberle-Wang et al., 

1997; Nocjar et al., 2002). Acute administration of 5-HT2 antagonists in vivo increased the 

basal firing rate or altered the firing pattern of DA neurons in A9 and A10 (Blackburn et 

al., 2002; Di Giovanni et al., 1999; Di Matteo et al., 1999; Minabe et al., 2001). Many reasons 

could underlie the slight difference between our 5-HT and 5-HT2 antagonist responses 

with the in vivo observations. Besides the endogenous DA level mentioned above, the most 

important one could be the subtle change in firing pattern that was reported in vivo (e.g. 

Blackburn et al., 2002), but that we never saw in-vitro.
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At least two 5-HT2 subtypes, namely the 5-HT2A receptor and the 5-HT2C receptor, 

are present in A10 (Doherty and Pickel, 2000; Eberle-Wang et al., 1997; Nocjar et al., 2002). 

The 5-HT2A receptors are mainly located on DA neurons, while the 5-HT2C receptors are 

assumed to be located on GABAergic interneurons (Cornea-Hebert et al., 1999; Doherty 

and Pickel, 2000; Eberle-Wang et al., 1997). We tested the involvement of the 5-HT2A and 5-

HT2C receptors in strengthening the auto-inhibition by using two selective antagonists. 

With two different concentrations (50 and 500 nM) we covered the wide range reported in 

the literature (Cozzi and Nichols, 1996; Liu et al., 2000); both concentrations gave similar 

results in A9 and A10. In A9, SB242084 and MDL100907 did not antagonize 5-HT-induced 

enhancement of DA D2-like receptor mediated auto-inhibition of DA neurons, suggesting 

that 5-HT2 receptors do not mediate the observed 5-HT effect in this area. In A10, the 5-

HT2A receptor antagonist MDL100907 as well as the 5-HT2C receptor antagonist SB242084 

completely antagonized DOI-induced enhancement of DA D2-like receptor mediated auto-

inhibition. This indicated that blockade of the 5-HT2A receptors as well as blockade of the 

5-HT2C receptors is sufficient to prevent the enhancement of DA D2-like receptor mediated 

auto-inhibition. Direct activation of 5-HT2A receptors on the DA neurons could enhance 

the DA-induced reduction in firing rate by converging on the same ion channel. 

Enhancement of auto-inhibition by 5-HT2C receptor activation by an indirect route via 

GABAergic interneurons could also be involved. Recently it was shown that activation of 

5-HT2C receptors excites non-dopaminergic neurons in A10 (Di Giovanni et al., 2001). This 

excitation could increase inhibitory GABAergic input to the DA neurons and result in 

tonic inhibition. These results could also indicate that both 5-HT2A and 5-HT2C receptor 

activation is necessary to enhance DA D2-like receptor mediated auto-inhibition. However, 

the lack of selective 5-HT2A and 5-HT2C receptor agonists currently prevents a more 
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detailed analysis. It is, as yet, not clear which receptors mediate the 5-HT enhancement of 

DA D2-like receptor mediated auto-inhibition in A9.

Interaction of the 5-HT and the DA system could be important for explaining the 

efficacy of atypical antipsychotic compounds, which often combine DA D2 receptor 

antagonism with a strong 5-HT2 receptor antagonism (Schotte et al., 1996). It is thought 

that atypical antipsychotic drugs selectively induce depolarization blockade of A10 and 

not of A9 DA neurons, thereby preventing the occurrence of extrapyramidal side effects 

(EPS) (Grace et al., 1997; Horacek, 2000; Lieberman et al., 1998; Tricklebank, 1996). We 

hypothesize that 5-HT2 antagonism in atypical antipsychotic drugs increases their efficacy 

by reducing the amount of DA D2-like receptor blockade necessary for induction of 

depolarization blockade in A10, while allowing the DA neurons in the A9 to maintain 

their normal firing rate employing 5-HT-induced enhancement of negative feedback.

This hypothesis could fit with data that in patients an initial elevated 5-HT level 

seems related to clinical efficacy of some atypical antipsychotic drugs, and that atypical 

antipsychotic drugs can increase 5-HT levels in the brain (Kasper et al., 1999; Martin et al., 

1998; Wadenberg et al., 2001). The details of this interaction need to be determined.

The data presented here show that 5-HT potentiated the DA D2-like receptor 

mediated auto-inhibition in A9 and A10, but that only in A10 5-HT2A and 5-HT2C receptor 

dependent mechanisms are involved. The selective involvement of 5-HT2 receptors could 

explain the efficacy of atypical antipsychotic drugs, because it implies a specific difference 

between the regions A9 and A10.
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Chapter 4 

Specific roles for 5-HT2 receptors in modulating dopamine D2 and GABAB receptor-
activated GIRK currents in A9 and A10 dopamine neurons 

Johanna E. Olijslagers, Taco R. Werkman, Andrew C. McCreary,

Chris G. Kruse and Wytse J. Wadman

submitted
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General Discussion 

Main findings 

I. DA D2 receptor-activated GIRK currents are enhanced by 5-HT, which can underlie 

the enhancement of DA D2 receptor- mediated auto-inhibition of firing activity by 

5-HT in A9 and A10 DA neurons. 

II. In A10 DA neurons, 5-HT2 receptors are involved in mediating the enhancement of 

DA D2 receptor-activated GIRK current and thus the enhancement of auto-

inhibition. In A9 DA neurons an unknown 5-HT controlled pathway is involved, 

also leading to the enhancement of the GIRK current and auto-inhibition. Possibly 

this is mediated by a different 5-HT receptor type. 

III. The enhancement of the GIRK currents by 5-HT also occurs with GIRK currents 

that are activated without DA D2 receptor activation, indicating a site of action at, 

or close to, the GIRK channel. 

IV.  5-HT attenuates the GABAB receptor-activated GIRK current in A9 and A10 DA 

neurons. This effect does not occur with GIRK currents that are activated by other 

receptors (than the GABAB receptor), indicating a site of action at, or close to, the 

GABAB receptor. 

V. In A9 DA neurons, 5-HT2 receptors are involved in attenuating the GABAB

receptor-activated GIRK current. In A10 DA neurons an unknown 5-HT controlled
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 pathway is involved, also leading to the attenuation of the GABAB receptor-activated 

GIRK current. Possibly this is mediated by a different 5-HT receptor type. 

VI. During amphetamine-induced increased DA release, A9 and A10 DA neuron firing 

activity is inhibited through activation of DA D2 autoreceptors. Antagonism of the 

DA D2 receptors blocks the thus induced auto-inhibition, which is also called the 

reversal of amphetamine-induced auto-inhibition. While the DA D2 like-receptor 

agonist (-)sulpiride reverses this auto-inhibition to a similar degree in A9 and A10 

DA neurons, the atypical antipsychotic drugs clozapine and olanzapine reverse the 

auto-inhibition more potently in A10 than in A9 DA neurons. 

VII. When both 5-HT2A receptors and DA D2 receptors are antagonized, the auto-

inhibition is more potently reversed in A10 DA neurons than in A9 DA neurons. 

This suggests that combined DA D2 receptor and 5-HT2 receptor antagonism by 

atypical antipsychotic drugs underlies their differential reversal of amphetamine-

induced inhibition in A9 and A10 DA neurons. 
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Dopamine and schizophrenia 

Communication between brain areas and neural networks is essential for a proper 

functioning of the brain. Disturbances in this communication are equivalent to disrupted 

neural function, loss of function and ultimately brain disorders. An example of a brain 

disorder that likely originates from a disturbed communication between neural networks 

is schizophrenia. Hypoglutamatergia or miswiring of glutamatergic and GABAergic 

projections from the PFC have been proposed to be primary factors in this disorder (Benes, 

2000; Carlsson et al., 1997; Carlsson et al., 2001; Deutch, 1993; Holt et al., 1999; Trudeau, 

2004). Furthermore, as treatment of schizophrenia symptoms with antipsychotic drugs 

currently relies on antagonism of DA D2 receptors, DA has been implicated to play a role 

in schizophrenia.

Of the dopaminergic pathways in the brain (see Introduction) the 

nigrostriatal pathway originates in the substantia nigra (A9) and the mesocorticolimbic 

pathway has its origin in the ventral tegmental area (A10) (Fig. 1, Introduction). A9 and 

A10 DA neurons have been extensively studied, providing insight in their anatomy and 

physiology (Albanese et al., 1986; Grace and Bunney, 1983a; Grace and Bunney, 1983b; 

Grace and Bunney, 1983c; Grillner and Mercuri, 2002; Lindvall and Bjorklund, 1978). In 

both areas the DA neurons somatodendritically release DA. The thus released DA 

activates DA D2 autoreceptors, that open GIRK channels (Box 1), thus leading to 

hyperpolarization and reduction of DA neuron firing activity (this in turn affects the 

somatodendritic release, voltage-dependent calcium currents and the non-selective cation 

current Ih; see Introduction). This dynamic process is called auto-inhibition and
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A B

GIRK channel
G protein coupled receptors (such as the DA D2 receptor) activate the G protein to which they are coupled

upon ligand binding. This activation consist of the binding of GTP to the G protein and subsequent

dissociation of the G  subunit (with the GTP attached) from the G  subunits. The G  subunits can then

bind to G protein-activated signaling molecules, such as G protein-coupled inward rectifying potassium

(GIRK) channels. Degradation of the GTP to GDP then allows the G  subunit to re-associate with the

G  subunits, thus terminating the activating action of the G  subunits. GIRK channels were first

discovered in heart cells and subsequently in neurons. Neuronal GIRK channels are gated by binding of 1 

to 4 G  subunits, inhibited by G  subunits and PIP2 is necessary for channel activity (Lei et al., 2003;

Logothetis and Zhang, 1999). It has been suggested that GIRK channels are exclusively gated by pertussis

toxin sensitive G proteins (Sadja et al., 2003). Besides G protein subunits controlling GIRK channel 

activity, a number of second messengers has been shown to influence GIRK channel activity. Na+ and 

Mg2+ ions can bind to the cytoplasmic side of the channel and thereby stabilize or enhance channel 

activity (Lesage et al., 1995; Petit-Jacques et al., 1999). Phosphorylation of the channel by PKA appears 

to facilitate channel opening (Mullner et al., 2000). 

Box 1 

A) G proteins consist of an ,  and  subunit and it is the  subunit that is responsible for the specificity of 

the receptor-G-protein interaction. Currently there are 23 different  subunits, 5 ’s and 12 ’s known, that

combine to form numerous G protein variants (Fain, 1999). These G proteins are divided into four families:

the s, i/ o, q and 12/ 13. In neurons, o usually is the most abundant. The i/ o G protein family is

pertussis toxin sensitive. B) It is proposed that G proteins are clustered in pools that can be accessed by 

specific receptor types (Neubig, 1994; Odagaki and Fuxe, 1995). In that way it would be possible to 

regulate the activation of G protein-dependent pathways by controlling the availability of (similar) G 

proteins for different receptor types, independent of the number of receptors available. In the hypothetical 

fig. B, the number of G proteins limits the portion of GIRK channels that can be activated by receptor type 

A or B (A might be DA D2 and B GABAB, (Lacey et al., 1988)). However, as these receptors activate the 

same population of GIRK channels, a maximal activation of receptor B will leave no GIRK channels 

available for receptor A. Thus the maximal GIRK current is the GIRK current activated via receptor B, 

while maximal receptor A activation will lead to a GIRK current that still can be increased via receptor B 

activation.

GIRK

GIRK

BA

G
G

G
GG

G
GGMg2+

cytoplasm PKA GTP 
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contributes to maintain a spontaneous, pace-maker like firing pattern of the DA neurons. 

This firing pattern can further be altered by the release of neurotransmitters from the 

glutamatergic, GABAergic and serotonergic (5-HT) fibers that make synaptic contact with 

the DA neurons (Fig. 2, Introduction) (Grillner and Mercuri, 2002; Kitai et al., 1999). 

Besides these inputs, acetylcholine and several neuropeptides have been reported to 

influence DA neuron firing activity (Kitai et al., 1999; Li et al., 1996; Nalivaiko et al., 1997; 

Prisco et al., 2002; Wang et al., 1994; Werkman et al., 2000).

5-HT, DA neuron firing activity and antipsychotic drugs 

DA D2 receptor antagonism is a crucial component of effective treatment of 

schizophrenia symptoms. It is thought that hyperactivity of the A10 DA neurons with 

mesolimbic projections underlies part of the schizophrenia symptoms and that the DA D2

receptor antagonistic action of antipsychotic drugs underlies their antipsychotic efficacy. 

On the other hand, as A9 DA neuron firing activity is presumed to be unchanged, any 

action of antipsychotic drugs on the firing activity of these neurons is undesirable and the 

extra-pyramidal side effects (EPS) of treatment are believed to be related to the actions of 

antipsychotic drugs on the A9 DA neurons.

Atypical antipsychotic drugs are less liable to induce EPS compared to the

classical antipsychotic drugs, which could be related to their multi-receptor affinity. In 

animal models of schizophrenia it appears that 5-HT2 receptor antagonism plays a role in a 

differential modulation of midbrain DA neuron firing activity by antipsychotic drugs 

(Geyer, 1998; Geyer et al., 2001; Jones-Humble et al., 1996; Svensson et al., 1995; 

Tricklebank, 1996).

101



Chapter 5

Therefore, a modulation via 5-HT receptors of the (auto-)inhibition process in A9 

and A10 DA neurons and the possible involvement of this mechanism in antipsychotic 

drug actions was the focus of the research presented in this thesis. 

5-HT and DA neuron firing activity 

In vivo, 5-HT is released onto DA neurons by synaptic terminals originating from 

the dorsal raphe nucleus (DRN) and stimulation of the DRN neurons can elicit both 

excitatory and inhibitory responses in A9 and A10 DA neurons (Gervais and Rouillard, 

2000) via a range of 5-HT receptor types (Table 1, Introduction), suggesting a role for 5-HT 

in regulating A9 and A10 DA neuron firing activity. Furthermore, systemic in vivo

application of specific 5-HT1, 5-HT2 or 5-HT4 receptor ligands shows that it is possible to 

differentially change A9 and A10 DA neuron firing activity (Arborelius et al., 1993; Di 

Giovanni et al., 2000; Di Matteo et al., 1999; Lucas et al., 2001). The research described in 

Chapter 2 and 3 determined the effect of 5-HT on auto-inhibition and a possible role for

5-HT receptors in antipsychotic drug actions in a midbrain slice preparation. Chapters 3 

and 4 investigated a possible differential role for 5-HT receptors in modulating DA neuron 

firing activity in A9 and A10 and elucidated some of the cellular components involved in 

the 5-HT effects (measured with the whole-cell recording technique, also in the slice 

preparation).

5-HT and DA D2 receptor-mediated auto-inhibition 

From the results described in Chapter 3 it became clear that DA D2 receptor-

mediated auto-inhibition is enhanced by 5-HT receptor activation. This enhancement was 

not the result of an additive effect of GIRK channel activation by 5-HT, as 5-HT alone (at 

relatively low concentrations) did not affect DA neuron firing activity in A9 or in A10. Our 
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results indicate that 5-HT receptor activation can enhance DA D2 receptor-mediated auto-

inhibition, thus strengthening DA-mediated signaling. But 5-HT (in higher concentrations) 

can also change DA neuron firing activity independent of DA-mediated signaling 

(Nedergaard et al., 1991; Pessia et al., 1994), indicating a diverse role for 5-HT in the 

regulation of DA neuron firing activity.

5-HT and GIRK channel function 

As DA D2 receptor-mediated auto-inhibition occurs through the opening of GIRK 

channels, we set out to measure the effect of 5-HT on these channels using the whole-cell 

voltage clamp configuration (Chapter 4). These experiments showed that 5-HT receptor 

activation does not open GIRK channels directly, but that it enhances DA D2 receptor-

activated GIRK currents. This enhancement of GIRK currents corresponds well with the 

enhancement of DA D2 receptor-mediated auto-inhibition of DA neuron firing activity by 

5-HT (Chapter 3). From these results a general scheme can be constructed (Fig. 7, Chapter 

4) with the GIRK channel as the central component.

In Chapters 3 and 4 it was established that in A10 DA neurons the 5-HT2 receptor 

mediated the enhancement of the DA D2 receptor-activated GIRK current (and thus auto-

inhibition). This effect did not involve afferent projections (e.g. interneurons), as the effect 

persisted in the presence of TTX.  Furthermore, activation of these 5-HT receptors also 

enhanced GIRK currents that were activated using non-hydrolyzable GTP (GTP- -S). This 

indicates that 5-HT receptor activation enhances GIRK currents independent of DA D2

receptor activation, positioning the site of action at or close to the GIRK channel. The 

concentration-response relationship for quinpirole and quinpirole + 5-HT on the GIRK 

current showed a facilitation of the response (Chapter 4), indicating that facilitation of G
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subunit binding to the GIRK channel underlies the observed enhancement of GIRK 

current. In excised patches from Chinese Hamster Ovary cells binding of G  subunits to

the GIRK channel was promoted by phosphorylation of the GIRK channel (Medina et al., 

2000). These findings suggest that phosphorylation of the GIRK channel is a possible 

mechanism for facilitation of GIRK currents. In addition, in cardiomyocytes and Xenopus 

oocytes it was demonstrated that activation of beta-adrenergic receptors facilitates ACh-

evoked GIRK currents by activating a pathway that involves protein kinase A (PKA)-

catalyzed phosphorylation downstream of the receptor (Mullner et al., 2000). To 

substantiate the finding that only activated GIRK channels are modulated by 5-HT 

receptor activation, we investigated whether another important signaling pathway to the 

GIRK channel - namely that activated through the GABAB receptor - was similarly affected 

by 5-HT receptor activation.

Dopamine neurons and GABA 

A9 and A10 DA neurons receive GABAergic input from the basal ganglia (A9) or NAc 

(A10) and GABAergic interneurons. The NAc and part of the local interneurons receive 

input from the PFC (Fig. 1, Introduction). As such, changes in the PFC-controlled 

GABAergic pathway to the A10 DA neurons and the indirect route via the NAc might well 

underlie part of the hyperactivity of A10 DA neurons that is implicated in schizophrenia 

symptoms (Erhardt et al., 2002; Glenthoj et al., 1993; Sesack and Carr; Stahl, 2000). 

Therefore, understanding how GABA changes DA neuron firing activity might very well 

indicate new directions for schizophrenia research and antipsychotic drug development.

Inhibitory GABAergic effects are mediated via activation of GABAA and GABAB

receptors. GABAA receptors activate a chloride conductance (Guyon et al., 1999), while 
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GABAB receptors on the DA neurons activate GIRK channels in a similar way as DA D2

receptors (Lacey et al., 1988; Watts et al., 1996). In Chapter 4 it was found that GABAB

receptors activated a larger GIRK current as compared to DA D2 receptor activation. This 

difference has been reported by others (Lacey et al., 1988) and might originate from a 

difference in the size of the G protein pools that each receptor types has access to (Box 1). 

In contrast to DA D2 receptor-activated GIRK currents, GABAB receptor-activated GIRK 

currents were attenuated by activation of 5-HT receptors in A9 and A10 DA neurons, 

suggesting a differential role for 5-HT in the modulation of DA D2 receptor-mediated 

neurotransmission and GABAB receptor-mediated neurotransmission. These modulations 

by 5-HT operate in opposite directions (enhancing auto-inhibition, attenuating GABAB

receptor-mediated inhibition), so possibly 5-HT serves to shift the balance of firing activity 

control to DA receptor-mediated neurotransmission.

Mechanism underlying the 5-HT receptor-mediated attenuation of the GABAB receptor response

One of the most important findings described in Chapter 4 is the observation that

5-HT only enhances activated GIRK currents. 5-HT receptor-mediated enhancement of the 

GIRK current is not dependent on which neurotransmitter receptor (DA D2 or GABAB)

caused its activation. This indicates that the 5-HT-mediated attenuation of the GABAB

receptor-activated GIRK current is dependent on GABAB receptor activation. This process 

can occur either at the GABAB receptor itself or at the G protein pathway coupling the 

GABAB receptor to the GIRK channel. It has been shown in hypothalamic neurons that the 

coupling of GABAB and opioid receptors to their G protein can be disrupted by activation 

of the estrogen receptor, likely via an effect of the estrogen receptor-activated signaling 

pathway on the G protein coupled to the GABAB / opioid receptor (Kelly et al., 1992; Kelly 
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et al., 2003). However, the GABAB receptor (Innis et al., 1988; Scherer et al., 1988) is 

presumably coupled to a similar Go protein as the DA D2 receptor (Taraskevich and 

Douglas, 1990). Since the DA D2 receptor responses are enhanced by 5-HT, an effect of 5-

HT receptor-activation on the G protein seems less plausible. PKA-mediated 

phosphorylation of the GABAB receptor has been demonstrated in Chinese Hamster 

Ovary cells and cultured hippocampal neurons and results in an enhancement of the 

membrane stability of the receptor (Couve et al., 2002; Fairfax et al., 2004). These findings 

suggest that it is possible that phosphorylation of the GABAB receptor has consequences 

for the pathway leading to the GIRK channel. Therefore we suggest an effect of 5-HT 

receptor-activation on the GABAB receptor, possibly a phosphorylation of the receptor. 

Further experiments that investigate the pathway that couples the GABAB receptor to the 

GIRK channel are needed to establish the existence of such a mechanism in A9 and A10 

DA neurons. 

Differential role for 5-HT2 receptors in A9 and A10 DA neurons 

Further investigation showed that in A9 DA neurons the 5-HT2 receptor attenuates 

the GABAB receptor-activated GIRK currents, while in A10 DA neurons another 5-HT- 

activated route is involved. This points to an interesting difference between A9 and A10 

DA neurons. DA neurons of both areas seem to use serotonergic signaling pathways to 

enhance DA D2 receptor-mediated auto-inhibition and to attenuate GABAB receptor-

activated GIRK currents, but apparently the role of 5-HT modulation is quite distinct. In 

A9 DA neurons the 5-HT2 receptor attenuates the GABAB receptor response, while in A10 

DA neurons it enhances DA D2 receptor-mediated auto-inhibition. Differential functions 

for a receptor across brain areas have been described for e.g. somatostatin1 receptors and 
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muscarinic receptors (Ghodsi-Hovsepian et al., 1990; Raynor and Reisine, 1992). The 

activation of different pathways is possibly realized by coupling the receptor to different G 

protein types (which have been shown to exist, see Box 1), so perhaps a difference in the G 

protein type that couples to A9 5-HT2 and A10 5-HT2 receptors might underlie the 

observed differential effects of 5-HT2 receptor activation. In DA neurons, the activation of 

different pathways via one neurotransmitter receptor has previously been described for 

glutamate (Morikawa et al., 2003), where metabotropic glutamate receptors, likely through 

coupling to different G proteins, activate two distinct signaling pathways that lead to an 

increase in intracellular Ca2+ and a transient pause in the spontaneous firing (via opening 

of calcium-activated potassium channels). Therefore, a detailed investigation of the G 

protein types that couple the 5-HT receptors to the signaling pathways in DA neurons 

might establish if the observed differential roles can be explained by a coupling to 

different G proteins in A9 and A10.

The determination of the yet unidentified 5-HT-activated pathways involved in 

enhancing DA D2 receptor-mediated auto-inhibition in A9 DA neurons and the 

attenuation of the GABAB receptor-mediated responses in A10 DA neurons is important to 

answer two questions. 1) This should tell us if another (or maybe two) 5-HT receptor(s) is 

(are) involved in the observed effects of 5-HT. 2) If (at least) one different 5-HT receptor is 

involved we will be able to establish if differential roles for 5-HT receptors is a 

phenomenon unique for the 5-HT2 receptor or that it also occurs for other 5-HT receptor 

types in DA neurons.

Although we cannot yet explain the differential involvement of 5-HT receptors in 

the enhancement of the GIRK current and the attenuation of the GABAB receptor-
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mediated response, it is clear that 5-HT can influence and shape DA neuron firing activity 

via multiple, but distinct pathways.

Consequences of 5-HT-modulation of DA D2 and GABAB receptor-mediated inhibition 

Differential roles for the 5-HT2 receptor in modulating DA D2 and GABAB

receptor-mediated inhibition in A9 and A10 DA neurons were found. What are the 

consequences of these different effects on inhibitory neurotransmission for net DA neuron 

firing activity?

As the enhancement of the GIRK current by 5-HT (independent of which receptor 

evoked the GIRK current) and the attenuation of the GABAB receptor response occur via 

different mechanisms within the same DA neuron, it is likely that these two effects of 5-HT 

receptor activation occur simultaneously when GABAB receptors are activated. This could 

result in an underestimation of the actual serotonergic attenuation of the GABAB receptor-

activated GIRK current since the remaining GABAB receptor-activated GIRK current could 

still be enhanced by 5-HT. But since in A9 DA neurons the selective 5-HT2 receptor agonist 

DOI induced an attenuation of the GABAB receptor-activated GIRK current that was not 

different from the attenuation induced by 5-HT, we suggest that although the two 

mechanisms could occur simultaneously, the enhancement of the (remaining) GIRK 

current is not sufficient to compensate for the attenuation of the GABAB receptor pathway.

We can only speculate about the effect that concomitant enhancement of DA D2

receptor-activated GIRK current and attenuation of GABAB receptor-activated GIRK 

current would have on the firing activity. A smaller number of activated GIRK channels 

might underlie the attenuation of the GABAB receptor-mediated GIRK current by 5-HT, 

while enhancement of GIRK currents probably occurs at all GIRK channels that are active
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Fig. 1. A hypothetical scheme that illustrates the effects of concomitant DA and GABA 

neurotransmission under different 5-HT conditions. It is shown how 5-HT could affect responses 

evoked by excitatory input in midbrain DA neurons by changing the balance between DA D2 

receptor-mediated auto-inhibition and GABAB receptor-mediated inhibition. By shifting the 

balance towards DA auto-inhibition under conditions with high 5-HT activity, excitatory inputs 

could evoke shorter periods of enhanced firing (right panels) as compared to the situation under 

low 5-HT activity (left panels). In this scheme DA inhibition is dependent on the firing rate (increase 

of the firing rate results in increased DA release) and the activity level set by 5-HT. The thickness 

of the lines indicates the level of activity (DA auto-inhibition and inhibitory input). The star 

represents the situation when excitatory input is applied to the DA neuron.
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at the time of 5-HT receptor activation. Therefore, the number of GIRK channels that are 

opened via GABAB receptors and the GIRK channels that are opened via other receptors, 

will determine the net effect of 5-HT on DA neuron excitability. The extracellular DA 

concentration depends on the firing rate of the DA neuron: an increase in firing rate will 

increase extracellular release and consequently DA D2 receptor-mediated auto-inhibition. 

In theory, this may have consequences for the duration of excitatory input under 

conditions with low and high GABAergic and serotonergic activity (Fig. 1). When 

serotonergic activity is low, excitatory inputs are able to induce an increase in the firing 

rate over a longer time, as DA-mediated auto-inhibition is not likely to be enhanced (Fig. 

1, left panels). Under conditions of high serotonergic activity (and high GABAergic 

activity), 5-HT will attenuate the GABAB receptor-activated GIRK current. This would 

mean that the GABA-mediated inhibition of firing activity is shunted and that (small) 

excitatory inputs are more likely to depolarize the DA neuron. In addition, high 

serotonergic activity enhances the DA D2 receptor-mediated auto-inhibition, which, we 

speculate, would terminate the increase in firing rate more quickly as compared to the 

situation with low serotonergic activity (fig. 1, lower panels). This suggests that 5-HT 

shifts the balance between GABA-mediated inhibition and dopaminergic auto-inhibition 

to favor dopaminergic auto-inhibition, as a means to regulate the duration of the increased 

firing activity evoked by excitatory inputs. 

Also, shunting of the GABAB receptor response might mean that there are more 

GIRK channels available for DA D2 receptors to activate (see Box 1), which is further 

facilitated by 5-HT receptor activation through the direct effect on activated GIRK 

channels. Together, both mechanisms will lead to enhanced DA D2 receptor mediated 

110



Chapter 5

auto-inhibition. It has been shown that the maximal GIRK current activated by GABAB

receptors cannot be increased by concomitant DA D2 receptor activation, but the maximal 

DA D2 receptor- activated GIRK current can be increased by concomitant GABAB receptor 

activation (Lacey et al., 1988), an observation that suggests that all GIRK channels 

available in a DA neuron are activated by GABAB receptors under high GABAergic 

conditions (see Box 1). Thus the effective attenuation of the GABAB response by 5-HT 

might provide an opportunity to increase the number of GIRK channels available for 

activation via DA D2 receptors. As already mentioned, the above discussed consequences 

for DA neuron excitability are speculative. Experiments will have to be conducted to show 

that different 5-HT activity levels will result in different (duration) responses upon the 

application of excitatory input to the DA neurons.

5-HT2 receptors and antipsychotic drug efficacy 

The differential role of 5-HT2 receptors, as well as the effects of 5-HT receptor 

activation on DA and GABA neurotransmission might be fitted into a model for 

antipsychotic drug effects on DA neurons (Fig. 2). Classical antipsychotic drugs 

antagonize DA D2 receptors, thereby increasing the firing activity of DA neurons in A9 

and A10 (Fig. 3B). Sufficient and chronic DA D2 receptor antagonism is believed to induce 

depolarization blockade in both A9 and A10 DA neurons. This mechanism has been 

discussed in detail in the introduction of this thesis, but it has not been explained what the 

role is of the 5-HT2 receptor in this mechanism. In Fig. 2C the effects of atypical 

antipsychotic drugs are depicted. As mentioned earlier, atypical antipsychotic drugs have 

affinities for multiple neurotransmitter receptors, such as the 5-HT2 receptor. Question is 
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how antagonistic actions at DA D2 and 5-HT2 receptors are translated into functional 

changes in mesolimbic (and possibly mesocortical) DA neuronal firing.

DA D2 receptor-mediated auto-inhibition can be enhanced by 5-HT2 receptors in the 

A10 (Fig. 7, Chapter 4). Antagonism of part of the DA D2 receptor population increases the 

firing activity of DA neurons in A9 and in A10 (Mereu et al., 1983; Pucak and Grace, 1994; 

Werkman et al., 2001) (Fig. 2B). However, under these conditions in the presence of 5-HT, 

the inhibition mediated via remaining DA D2 receptor activation will be enhanced, thus 

(partly) counteracting the effect of the DA D2 receptor antagonism. This can occur in both 

A9 and A10 DA neurons (Fig. 2B). In the case of treatment of schizophrenia, the 

preferential effect of the atypical antipsychotic drugs is the induction of depolarization 

blockade in A10 DA neurons, while leaving the firing activity of A9 DA neurons largely 

unchanged. Classical antipsychotic drugs, as discussed before, will induce depolarization 

blockade in both areas (Chiodo and Bunney, 1983) (Fig. 2B) by (a relative strong) 

antagonism of the DA D2 receptor. This antagonism allows the DA neuron to depolarize, 

until a depolarization level is reached where the firing activity cannot be sustained by the 

DA neuron. This leads to an acute cessation of the firing activity of the neuron, a state 

called depolarization blockade (see Introduction). In contrast, atypical antipsychotic drugs 

have an additional feature that could assist in achieving depolarization blockade 

selectively in A10 DA neurons (Andersson et al., 1995; Grace et al., 1997). The atypical 

antipsychotic drugs also block the DA D2 receptors in A9 and A10 DA neurons1. However, 

in A10 DA neurons the 5-HT2 receptor antagonistic action of these drugs (Bymaster et al., 

1996a) prevents the 5-HT-mediated enhancement of the remaining DA auto-inhibition, 

allowing a further depolarization and increase in firing rate (Fig. 2C). In addition, in these

1 In general the atypical antipsychotic drugs are relatively weak DA D2 receptor antagonists (as compared to 
the classical antipsychotic drugs) (Tarsy et al., 2002). 
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A9 DA neuron A10 DA neuron

Fig. 2. Model scheme for atypical antipsychotic drug action 
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Scheme (A) represents the situation under normal conditions, where activation of 5-HT receptors 

(an unknown 5-HTX receptor on A9 and the 5-HT2 receptor on A10 DA neurons) can enhance the 

DA D2 receptor-mediated auto-inhibitory process, while attenuating the GABAB receptor-mediated

inhibition. Schemes B and C represent the situation in the presence of a classic and an atypical 

antipsychotic drug, respectively. B) The classical antipsychotic drugs (B) antagonize a portion of 

the DA D2 receptors, thereby reducing GIRK channel function, resulting in depolarization and 

increased firing activity of the DA neurons. In combination with attenuated GABAB receptor-

113



Chapter 5
mediated inhibition (especially under high 5-HT conditions) the prolonged depolarization could, 

theoretically, lead to the induction of depolarization blockade and subsequently therapeutic 

efficacy, but also extra-pyramidal side-effects (EPS). Atypical antipsychotic drugs (C) also 

antagonize DA D2 receptors. But in addition, an atypical antipsychotic drug will in A10 DA 

neurons, by blocking the 5-HT2 receptors, prevent 5-HT2 receptor-mediated enhancement of GIRK 

channels, and thus auto-inhibition. Together with the attenuation of the GABAB receptor-mediated 

inhibition (especially under high 5-HT conditions) a further depolarization would be permitted, 

ultimately resulting in depolarization blockade. In A9 DA neurons “normal” enhancement of auto-

inhibition can occur through the 5-HTX receptor (which is not affected by the antipsychotic drug), 

while the drug, by antagonizing 5-HT2 receptors, prevents attenuation of GABAB receptor-

mediated inhibition. These two processes will reduce the chance that depolarization blockade will 

develop in A9 DA neurons.

neurons the 5-HTX receptor-mediated attenuation of GABAB receptor-mediated inhibition 

(which allegedly is not affected by the atypical antipsychotic drug) can occur normally 

and further depolarization of the neuron can take place, thus increasing the chance that 

depolarization blockade will occur. In A9 DA neurons however, since another 5-HT 

receptor subtype (which is not affected by the atypical antipsychotic drug) may be 

responsible for the enhancement of auto-inhibition and the remaining DA D2 receptor

mediated auto-inhibition can still be enhanced. In addition, through antagonism of the 5-

HT2 receptor by the atypical antipsychotic drug the attenuation of the GABAB receptor-

mediated inhibition will be prevented, thus increasing the GABAB receptor-mediated 

inhibition and making it less likely that depolarization blockade will develop in A9 DA 

neurons.

In general, it is thought that 5-HT2 receptor antagonism increases the likely-hood 

that DA D2 receptor antagonism induces depolarization blockade of A10 DA neurons and 

not of A9 DA neurons, thereby decreasing the liability for EPS induction. The results 

described in this thesis support this mechanism and in addition suggest an interaction 
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between the 5-HT2 receptor and the GABAB receptor, an interaction which has not been 

described before and that might play a role in antipsychotic drug efficacy as well.

These mechanisms are supported by observations that an elevated 5-HT level seems 

related to clinical efficacy of some atypical antipsychotic drugs and that atypical anti-

psychotic drugs can increase 5-HT levels in the brain (Martin et al., 1998; Wadenberg et al., 

2001), but this appears very brain area dependent.

Further evidence for the role of 5-HT2 receptor antagonism in the improved efficacy 

of atypical antipsychotic drugs has been presented in Chapter 2. In this chapter an in vitro

amphetamine model was used to study the role of 5-HT2 receptor antagonism in 

preferential effects of atypical antipsychotic drugs on A10 DA neuron firing activity. In

vivo, this model has shown that amphetamine-induced inhibition of the firing activity can 

be reversed by antipsychotic drugs. Known atypical antipsychotic drugs more potently 

reverse the amphetamine-induced inhibition in A10 DA neurons compared to A9, while 

classical antipsychotic drugs reverse this inhibition equally in A9 and A10, and the 

preferential A10 reversal is thought to be predictive of atypicality (and possibly low EPS 

liability) (Bunney et al., 1973; Goldstein et al., 1993; Stockton and Rasmussen, 1996; White 

and Wang, 1983). In the midbrain slice similar effects were observed with the atypical 

antipsychotic drugs clozapine and olanzapine as previously was done in vivo, indicating 

that the observed preference for A10 is achieved through an action of the antipsychotic 

drug within the A9 and/or A10 DA neurons. And as combining a DA D2 receptor 

antagonist with a 5-HT2 receptor antagonist reversed the amphetamine-induced inhibition 

more potently in A10 DA neurons, we concluded that 5-HT2 receptor antagonism plays a 

role in the preferential reversal of amphetamine-induced inhibition in A10 DA neurons. 

This suggests that 5-HT2 receptor antagonism might well be involved in improving 
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antipsychotic drug efficacy. The above discussed differential serotonergic interactions 

with dopaminergic and GABAergic neurotransmission in A9 and A10 DA neurons may 

underlie the action of atypical antipsychotic drugs in the in vitro and in vivo amphetamine 

models. The results from Chapter 2 are in agreement with the finding that 5-HT2 receptors 

differentially affect A9 and A10 DA neurons, thus strengthening the hypothesis that 5-HT2

receptors are important for atypical antipsychotic drug efficacy. 

Concluding remarks 

From the research described in this thesis it is clear that 5-HT plays an important 

role in the regulation of DA neuron firing activity. As it turns out, this regulation impinges 

on the GIRK channel, although there are different mechanisms by which this occurs. There 

is facilitation of GIRK channel opening through an action of 5-HT receptor activation close 

to the channel, but 5-HT receptor activation also reduces the number of GIRK channels 

opened by an effect at (or close to) the GABAB receptor. By interfering at different levels of 

the DA D2 and GABAB receptor signaling pathways, 5-HT is able to differentially 

modulate the (auto)-inhibition processes in A9 and A10 DA neurons. We hypothesize that 

such interactions contribute to atypical antipsychotic drug efficacy.  Consequently, these 

insights can be of great importance for improving schizophrenia treatment. 

Also, from these findings it is clear that A9 and A10 DA neurons are more different 

than generally thought, and this should stimulate more research into the complex 

mechanisms that affect DA neuron firing activity and their function in the brain. 
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Het centrale zenuwstelsel is opgebouwd uit een enorm aantal neuronen en vervult 

daarmee een divers pakket aan taken, zoals het aansturen van de bewegingen, het 

verwerken van informatie van de zintuigen en een aantal hogere cognitieve functies, 

waarbij met name het opslaan van herinneringen gedurende 80 jaar en het opbouwen van 

een “wereldbeeld” indrukwekkend zijn. Al deze functies worden mogelijk door het op 

grote schaal samenwerken van enorme aantallen neuronen, zowel binnen anatomisch 

gedefinieerde hersengebieden als tussen deze hersengebieden. De communicatie tussen de 

neuronen en de groepen van neuronen loopt via gespecialiseerde verbindingen: de 

signalen die de informatie bevatten (actiepotentialen) zijn bijna altijd elektrische pulsjes 

(100 mV, 1 ms), maar de overdracht van de ene cel naar de volgende kent een chemische 

tussenstap (de neurotransmitter). Het onderzoek beschreven in dit proefschrift richt zich 

op het vuurgedrag van een selecte belangrijke groep neuronen en op de interactie van 

twee neurotransmitters die deze neuronen beïnvloeden: dopamine (DA) en serotonine (5-

HT). Het betreft de dopaminerge neuronen die voorkomen in de substantia nigra (A9) en 

in het ventraal tegmentum (A10). Het A9 gebied projecteert naar de basale ganglia en is 

betrokken bij het maken van bewegingen, terwijl het A10 gebied naar limbische gebieden 

en de prefrontale cortex (PFC) projecteert en zo betrokken is bij emotionele en cognitieve 

processen. Vanuit de PFC, de hippocampus en de dorsale raphe kern komt informatie 

naar A9 en A10, die de vuuractiviteit van de DA neuronen in A9 en A10 beïnvloedt door 

de afgifte van neurotransmitters. In het hier beschreven onderzoek is gekeken hoe 5-HT 

het vuurgedrag van DA neuronen in A9 en A10 beïnvloedt.

Schizofrenie en DA neuronen
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De complexiteit van de hersenen brengt met zich mee dat er ook veel mis kan gaan 

(gaat). Bekende voorbeelden zijn de ziekte van Alzheimer, waarbij geheugentaken niet 

meer correct kunnen worden uitgevoerd met desastreuze gevolgen voor het 

“wereldbeeld” van de patiënt of de ziekte van Parkinson, waarbij er zoveel DA neuronen 

in A9 sterven, dat de verminderde signalen naar de basale ganglia leiden tot zogeheten 

extrapiramidale problemen (vooral bewegingsstoornissen). 

De hersengebieden en de neurotransmittersystemen die in dit proefschrift worden 

besproken spelen een belangrijke rol bij schizofrenie. Schizofrenie is een psychiatrische 

aandoening waar ongeveer 1 % van de bevolking mee te maken krijgt en waarvan we de 

oorzaken niet precies kennen. Vooral uit de behandelingen die min of meer succesvol zijn 

kunnen we concluderen dat hyperactiviteit van de DA neuronen in het A10 gebied een 

belangrijke factor is. Deze hyperactiviteit (overmatig vuren van de cellen) leidt tot een 

verstoorde afgifte van DA in de PFC en de limbische gebieden. Maar er is ook 

gesuggereerd dat er sprake is van hyperactiviteit richting de limbische gebieden en juist 

DA hypoactiviteit in de PFC. Deze verstoorde activiteit zou leiden tot symptomen die we 

van schizofrenie kennen. Uiteindelijk spelen waarschijnlijk veel meer factoren een rol bij 

schizofrenie, maar voor het hier beschreven onderzoek heeft deze A10 hyperactiviteit 

eigenschap als uitgangspunt gediend. 

Antipsychotica: effecten op DA neuronen 

Er zijn een aantal medicijnen (antipsychotica) op de markt die de symptomen van 

schizofrenie, zoals hallucinaties, afvlakking van emoties of wanen verminderen, maar over 

het algemeen ook gepaard gaan met grote bijwerkingen. Deze antipsychotica hebben één 

eigenschap gemeenschappelijk: ze blokkeren de DA D2 receptor (een van de 6 moleculair 
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verschillende receptoren, waarmee een cel een DA signaal kan herkennen). Activatie van 

deze receptor door DA remt de vuuractiviteit van de DA neuronen waarop hij aanwezig 

is. Omdat de zo geactiveerde DA D2 receptoren zich op de neuronen bevinden die ook het 

DA afgeven, wordt dit proces auto-inhibitie genoemd. Antipsychotica zorgen ervoor dat, 

door het blokkeren van de DA D2 receptor, de DA neuronen depolariseren en daardoor 

meer actiepotentialen gaan vuren. Wanneer een cel te veel depolariseert kunnen er geen 

actie potentialen meer gegenereerd worden en stopt het vuren abrupt. In de literatuur 

wordt dit verschijnsel depolarisatie blok genoemd en het lijkt relatief makkelijk in DA 

neuronen te kunnen ontstaan. Antipsychotica veroorzaken waarschijnlijk een tijdelijke 

verhoging van de vuurfrequentie die zou kunnen leiden tot een dergelijke depolarisatie 

blok. Aangezien verondersteld wordt dat hyperactiviteit van A10 DA neuronen een rol 

speelt in de ontstaan van schizofrenie symptomen, zou het ontstaan van depolarisatie blok 

in deze neuronen (en zo dus een onderdrukking van de hyperactiviteit) kunnen bijdragen 

aan een vermindering van de symptomen. Echter, aangezien de DA neuronen in het 

eerder genoemde A9 gebied ook DA D2 receptoren bezitten zullen antipsychotica ook in 

dit gebied de DA D2 receptoren blokkeren, waardoor ook in A9 de vuurfrequentie wordt 

beïnvloed, wellicht ook met depolarisatie blok als gevolg. Dit is echter een ongewenst 

effect, aangezien de zo verlaagde vuuractiviteit van de A9 DA neuronen extrapiramidale 

bijwerkingen veroorzaakt die zich uiten in een sterk verstoorde motoriek. De uitdaging in 

het vinden van een effectief antipsychoticum door de farmaceutische industrie ligt daarom 

in het vinden van een antipsychoticum dat geen (of tenminste minder) extrapiramidale 

bijwerkingen veroorzaakt. Met de komst van een nieuwe generatie antipsychotica (de 

atypische antipsychotica) bleek het mogelijk de schizofreniesymptomen te bestrijden met 

daarbij een kleinere kans op extrapiramidale bijwerkingen. De “bij toeval” ontdekte 
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atypische antipsychotica onderscheiden zich farmacologisch van de klassieke 

antipsychotica door hun additionele affiniteit voor andere neurotransmitterreceptoren 

(naast de DA receptor). Naast affiniteit voor de DA D2 receptor (zoals de klassieke 

antipsychotica) hebben ze ook affiniteit voor een hele reeks andere receptoren zoals 

serotonerge, adrenerge en histaminerge receptoren. Maar het is nog steeds niet duidelijk 

welke interactie met welke neurotransmitterreceptor nu verantwoordelijk is voor de betere 

effectiviteit van de atypische antipsychotica. Waarschijnlijk speelt de verhouding tussen 

de verschillende receptoraffiniteiten een belangrijke rol bij de verbeterde effectiviteit. 

Resultaten I 

 Er zijn aanwijzingen dat de interactie van atypische antipsychotica met de 5-HT2

receptor een belangrijke rol speelt. In hoofdstuk 2 is onderzocht hoe de 5-HT2 receptor een 

rol speelt in de verbeterde effectiviteit van atypische antipsychotica. In dat hoofdstuk is 

met een zogenaamd amfetaminemodel gekeken naar het effect van verschillende 

antipsychotica op het vuurgedrag van neuronen in A9 en A10 DA neuronen. Amfetamine 

verhoogt de extracellulaire DA concentratie doordat het de afgifte van DA laat toenemen 

en de heropname van DA blokkeert. Het in vivo amfetaminemodel wordt gebruikt om te 

voorspellen of een antipsychoticum zich als een klassiek of als een atypisch 

antipsychoticum zal gedragen. Het verhoogde extracellulaire DA activeert de DA D2

receptoren, wat leidt tot een afname van de vuurfrequentie van de DA neuronen. Deze 

amfetamine-geïnduceerde afname van de vuurfrequentie kan worden tegengegaan door 

het blokkeren van de DA D2 receptor. De blokkade van de DA D2 receptoren kan de 

vuurfrequentie weer terugbrengen op het niveau van voor de amfetamine toediening, of 

zelfs verder verhogen. De interactie van de klassieke antipsychotica (relatief sterke DA D2

144



                                    Nederlandse samenvatting 

receptor antagonisten) met de DA D2 receptor gaat in het amfetaminemodel de afname 

van de vuurfrequentie tegen, zowel in A9 als in A10 DA neuronen. De atypische 

antipsychotica daarentegen hebben een sterker effect op de vuurfrequentie in A10 dan in 

A9. Deze selectiviteit voor A10 DA neuronen voorspelt een verminderde kans op 

extrapiramidale bijwerkingen vanuit A9 bij dezelfde effectiviteit op de symptomen van 

schizofrenie. Het gebruik van het in vivo amfetaminemodel om potentiële antipsychotica te 

testen op hun atypicaliteit heeft het nadeel dat stoffen systemisch moeten worden 

toegediend. Het is dus niet te achterhalen of de gevonden selectiviteit van atypische 

antipsychotica gerelateerd is aan hun interactie met neurotransmitterreceptoren in de A9 

en A10 gebieden of aan een interactie elders in het centrale zenuwstelsel. Tevens is 

onduidelijk met welke antipsychotica concentraties (op het niveau van de receptoren in de 

hersenen) uiteindelijk het geobserveerde effect wordt verkregen. Met het in vivo model is 

daarom lastiger een antwoord te krijgen op de vraag wat de achterliggende reden is voor 

de A10 selectiviteit van atypische antipsychotica. Om deze vraag te beantwoorden is 

gekozen voor toepassing van het amfetaminemodel in vitro. Onze hypothese was dat 

vooral de affiniteit van de atypische antipsychotica voor 5-HT2 receptoren van belang is 

voor hun selectieve verhoging van de A10 vuuractiviteit. Om dit te testen is het effect 

bestudeerd van een combinatie van een DA D2 receptor antagonist ((-)sulpiride) en een 5-

HT2 receptor antagonist (MDL100907) op het vuurgedrag van de A9 en A10 DA neuronen 

behandeld met amfetamine in hersenplakjes van de rat.

Allereerst was het van belang vast te stellen of klassieke en atypische antipsychotica 

zich in het in vitro amfetaminemodel hetzelfde gedragen als in vivo. De DA D2 antagonist (-

)sulpiride (vertegenwoordiger van de klassieke antipsychotica) ging de amfetamine-

geïnduceerde afname van de vuurfrequentie in A9 en A10 DA neuronen tegen, terwijl de 
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atypische antipsychotica clozapine en olanzapine dit sterker deden in de A10 DA 

neuronen dan in A9. Deze resultaten kwamen overeen met die gevonden bij de in vivo

bevindingen. De combinatie van (-)sulpiride en MDL100907 ging de amfetamine-

geïnduceerde afname van de vuurfrequentie van A10 DA neuronen sterker tegen dan in 

A9 DA neuronen, een patroon dat lijkt op dat van de atypische antipsychotica. Deze 

resultaten laten zien dat DA D2 receptor antagonisme zorgt voor de opheffing van de 

amfetamine-geïnduceerde afname van de vuurfrequentie in het amfetaminemodel, maar 

dat blokkering van de 5-HT2 receptor ervoor zorgt dat dit effect sterker in A10 DA 

neuronen plaats heeft dan in A9 DA neuronen. Dit suggereert dat het inderdaad de 5-HT2

receptor affiniteit van de atypische antipsychotica is die zorgt voor een selectieve 

beïnvloeding van A10 DA neuron vuuractiviteit.

Resultaten II 

Om meer inzicht te krijgen in de rol van 5-HT en vooral de 5-HT2 receptoren in A9 

en A10 DA neuronen is in hoofdstuk 3 onderzocht of en hoe de vuurfrequentie van A9 en 

A10 DA neuronen verandert in de aanwezigheid van 5-HT. Hiertoe zijn de 

actiepotentialen van individuele DA neuronen in een hersenplakje extracellulair 

geregistreerd om zo de vuurfrequentie en veranderingen hierin te bepalen. Deze 

experimenten laten zien dat activatie van de DA D2 receptor door een selectieve DA 

agonist, quinpirool, de vuurfrequentie van de A9 en A10 DA neuronen vermindert, terwijl 

5-HT alleen (dus zonder toevoeging van andere farmaca) de vuurfrequentie niet 

verandert. Wanneer quinpirool en 5-HT samen aanwezig zijn, blijkt dat 5-HT het effect 

van quinpirool versterkt. Deze versterking door 5-HT treedt zowel in A9 als in A10 DA 

neuronen op en laat zien dat 5-HT de DA D2 receptor-gemedieerde auto-inhibitie 
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versterkt. We vonden dat 5-HT2 receptoren in A10 DA neuronen betrokken zijn bij 

versterking van de auto-inhibitie door 5-HT, terwijl in A9 een ander, nog onbekend type 5-

HT receptor een rol speelt. Dit suggereert ook dat via activatie van 5-HT2 receptoren 

minder DA D2 receptor activatie nodig is voor vermindering van de vuurfrequentie. In 

andere woorden: 5-HT2 receptor activatie maakt DA D2 receptor activatie effectiever. Met 

deze resultaten en die van het amfetaminemodel is een hypothese opgesteld over de rol 

van de 5-HT2 receptor in de effectiviteit van atypische antipsychotica, welke naast DA D2

receptor antagonisten ook 5-HT2 receptor antagonisten zijn.

Hypothese

“Door hun interactie met de DA D2 receptor induceren klassieke antipsychotica 

depolarisatie blok in A10 DA neuronen. Dit leidt tot een vermindering van schizofrenie 

symptomen. Daarnaast zal de interactie met DA D2 receptoren ook in A9 DA neuronen 

depolarisatie blok induceren, met als resultaat extrapiramidale bijwerkingen. Atypische 

antipsychotica kunnen, naast een interactie met de DA D2 receptor, ook een interactie 

aangaan met de 5-HT2 receptor. Wederom kan via de DA D2 receptor in A9 en in A10 DA 

neuronen depolarisatie blok ontstaan, maar doordat de atypische antipsychotica ook de 5-

HT2 receptor blokkeren zal in A10 DA neuronen een eventuele versterking van de DA D2

receptor-gemedieerde auto-inhibitie door 5-HT verminderd plaatsvinden, waardoor 

makkelijker depolarisatie blok ontstaat. Daarnaast blijft het mogelijk dat 5-HT via een nog 

onbekende 5-HT receptor (die niet in zijn functie wordt beïnvloedt door het 

antipsychoticum), door versterking van DA D2 receptor-gemedieerde auto-inhibitie, het 

ontstaan van depolarisatie blok in A9 DA neuronen tegengaat. Dit zal leiden tot een 

vermindering van de kans op de extrapiramidale bijwerkingen.” 
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Natuurlijk zijn er, buiten het mechanisme van depolarisatie blok, nog meer 

mechanismen mogelijk die invloed kunnen hebben op de effectiviteit van atypische 

antipsychotica. Ook zal deze effectiviteit niet alleen worden bepaald door effecten op de 

activiteit van A9 en A10 DA neuronen, maar ook door effecten op neuronen die zich in de 

PFC en limbische gebieden bevinden.

Resultaten III 

Om het mechanisme van de interactie tussen 5-HT en DA neuronen te onderzoeken 

is direct aan het DA neuron gemeten (hoofdstuk 4). Activatie van de DA D2 receptor zorgt 

ervoor dat de vuuractiviteit van het DA neuron wordt geremd (door hyperpolarisatie), 

terwijl blokkade van de receptor voor een toename van de vuuractiviteit (door 

depolarisatie) zorgt. Activatie van de DA D2 receptor buiten de cel leidt tot de activatie 

van een G-eiwit in de cel dat zijn effect uitoefent op een speciale klasse kalium kanalen: 

het GIRK-kanaal. Opening van dit (zuivere K+) kanaal leidt tot een uitstroom van 

kaliumionen uit het neuron en zo een hyperpolarisatie van de cel.

Uit ons onderzoek blijkt dat 5-HT niet zelf GIRK-kanalen opent of sluit, maar dat 5-

HT de GIRK-kanalen die door de DA D2 receptor zijn geopend moduleert. Zeer 

waarschijnlijk loopt dit effect van 5-HT via een intracellulair signaalmolecuul dat de 

binding van de DA D2 receptor-geactiveerde G-eiwitten aan het GIRK-kanaal faciliteert. 

En, zoals ook al werd gevonden in hoofdstukken 2 en 3 is er een verschil tussen A9 en A10 

DA neuronen: de 5-HT2 receptor medieert het effect op het GIRK-kanaal in A10 DA 

neuronen, maar in A9 DA neuronen is een andere, nog onbekende 5-HT receptor (5-HTX)

bij dit proces betrokken. Uit deze resultaten is te concluderen dat 5-HT de activatie van 

GIRK-kanalen via de DA D2 receptor faciliteert en dat dit mechanisme de eerder gevonden 
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versterking van DA D2 receptor-gemedieerde auto-inhibitie door 5-HT (hoofdstuk 3) kan 

verklaren. Maar wat is dan de rol van de 5-HT2 receptor die voorkomt op A9 DA 

neuronen? Voor deze receptor is een rol ontdekt tijdens het onderzoek beschreven in 

hoofdstuk 4. Aangezien 5-HT de DA D2 receptor-geopende GIRK-kanalen faciliteert, is in 

dat hoofdstuk gekeken of 5-HT ook GABAB receptor-geopende GIRK-kanalen faciliteert.

GABA is een neurotransmitter die wordt afgegeven door lokaal aanwezige 

interneuronen die synaptisch contact maken met de A9 en A10 DA neuronen en door 

projecties vanuit de basale ganglia (naar A9) en vanuit de nucleus accumbens (naar A10). 

Daarnaast zijn er glutamaterge projecties vanuit de PFC naar de lokaal aanwezige 

interneuronen en de GABAerge neuronen in de nucleus accumbens, welke de GABAerge 

inhibitie van de A10 DA neuronen reguleren. Er zijn aanwijzingen dat bij schizofrenie 

deze glutamaterge PFC route verstoord is, wat kan leiden tot een disregulatie van de 

GABAerge inhibitie van de A10 DA neuronen. Deze disregulatie past ook in de 

veronderstelde hyperactiviteit van de mesolimbische route vanuit het A10 gebied en de 

DA hypoactiviteit in de PFC. Een beter begrip van de regulatie van de GABAerge inhibitie 

van DA neuronen kan dus bijdragen aan de verbetering van de huidige antipsychotica. 

GABA activeert GABAB receptoren die dezelfde GIRK-kanalen openen als de DA 

D2 receptoren. Maar in tegenstelling tot het faciliterende effect van 5-HT op de DA D2

receptor geopende GIRK-kanalen, remde 5-HT juist de opening van GIRK-kanalen via 

GABAB receptor activatie. Dit effect was afhankelijk van GABAB receptor activatie, wat 

erop wijst dat 5-HT de GABAB receptor of het G-eiwit dat de receptor en het GIRK-kanaal

verbindt moduleert. Aangezien dit G-eiwit waarschijnlijk van hetzelfde type is als het G-

eiwit dat de DA D2 receptor met het kanaal verbindt, maar er geen remming van DA D2

receptor-geactiveerde GIRK-kanalen plaatsvindt, is een effect van 5-HT op de GABAB
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receptor zelf het waarschijnlijkst. Dit resultaat laat zien dat 5-HT diverse neurotransmissie 

routes binnen het DA neuron kan moduleren en wel in tegengestelde richting: versterking 

van DA D2 receptor-gemedieerde auto-inhibitie, en vermindering van GABAB receptor-

gemedieerde inhibitie, wat suggereert dat 5-HT de balans tussen DA D2 receptor-

gemedieerde inhibitie en GABAB receptor-gemedieerde inhibitie kan verschuiven in de 

richting van de DA D2 receptor-gemedieerde inhibitie.

De vermindering van de GABAB receptor-geactiveerde GIRKstroom werd in A9 

DA neuronen gemedieerd via de 5-HT2 receptor, terwijl in A10 DA neuronen een ander

5-HT receptor type hiervoor verantwoordelijk is. Blijkbaar heeft de 5-HT2 receptor een 

verschillende rol in A9 en A10 DA neuronen: vermindering van de GABAB receptor-

gemedieerde inhibitie in A9 DA neuronen via het remmen van GIRK-kanaal opening door 

de GABAB receptor en een in A10 DA neuronen het faciliteren van DA D2 receptor-

geopende GIRK-kanalen, wat de auto-inhibitie versterkt. Mogelijk worden deze 

verschillende rollen mogelijk gemaakt door koppeling aan verschillende G-eiwit types, al 

is de reden hiervoor nog onduidelijk.

De rol van 5-HT in de vermindering van de GABAB receptor-gemedieerde 

inhibitie past ook in de effecten van atypische antipsychotica, wat het mogelijke belang 

van GABA neurotransmissie in de behandeling van schizofreniesymptomen onderstreept. 

Conclusie

De resultaten zijn samengevat in een schema (Fig. 1) dat een representatie is van de 

rol van 5-HT2 receptor blokkade door atypische antipsychotica en hun effectiviteit. 

150



                                    Nederlandse samenvatting 

151
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Figuur 1. Schematische voorstelling van de rol van 5-HT2 receptor antagonisme in de effectiviteit 

van atypische antipsychotica. 

A) Activatie van DA D2 of GABAB receptoren opent GIRK-kanalen wat leidt tot inhibitie van de 

vuuractiviteit. In A9 wordt deze inhibitie gefaciliteert via 5-HTX ‘receptoren’, terwijl 5-HT2

receptoren, via een effect op de GABAB receptor, deze inhibitie tegengaan. In A10 neuronen 

worden deze effecten door de 5-HT2 en de 5-HTX ‘receptor’ gemedieerd. B) Dezelfde situatie, maar 

nu in aanwezigheid van klassieke antipsychotica (DA D2 receptor antagonisten). De blokkade van 

DA D2 receptoren leidt in A9 en A10 DA neuronen tot een verminderde GIRK-kanaal activiteit, en 

dus een verminderde vuurinhibitie. Er is GIRK-kanaalfacilitatie mogelijk, maar door de 
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verminderde DA D2 receptor activatie zal deze facilitatie verminderd zijn. Daarnaast wordt de 

GABAB receptor response ook verminderd in aanwezigheid van 5-HT. Dit maakt het ontstaan van 

depolarisatie blok mogelijk, zowel in A9 als in A10. Depolarisatie blok in A10 verhoogt de kans op 

therapeutische effectiviteit, in A9 verhoogt depolarisatie blok de kans op extrapiramidale

bijwerkingen. C) Atypische antipsychotica blokkeren naast de DA D2 receptor ook de 5-HT2

receptor. In A10 DA neuronen remt deze gecombineerde blokkade de DA D2 receptor-

gemedieerde inhibitie EN eventuele facilitatie van het GIRK-kanaal. Dit vergroot de kans op 

depolarisatie blok in A10. In A9 wordt de kans op depolarisatie blok sterk verkleind door 

facilitatie van het GIRK-kanaal via de 5-HTX ‘receptor’ en toename van de GABAB receptor 

gemedieerde inhibitie. Er zijn aanwijzingen dat atypische antipsychotica 5-HT concentraties 

verhogen, wat hun werking volgens dit schema zou kunnen verbeteren.

Uit de gevonden resultaten is te concluderen dat 5-HT de vuuractiviteit van A9 en 

A10 DA neuronen kan remmen via versterking van de DA D2 receptor-gemedieerde auto-

inhibitie, maar ook de GABAB receptor-gemedieerde inhibitie kan verminderen. Verder 

onderzoek is nodig om te bepalen wat het effect is van de vermindering van de GABAB

receptor-gemedieerde inhibitie op de vuuractiviteit van de DA neuronen. Daarnaast zijn 

er experimenten nodig om te achterhalen wat het effect is van 5-HT op de vuuractiviteit 

onder omstandigheden waarbij zowel DA D2 receptoren als GABAB receptoren actief zijn, 

eventueel in combinatie met glutamaat.

Het onderliggende mechanisme voor de versterkte auto-inhibitie is een facilitatie 

van DA D2 receptor-geopende GIRK-kanalen, waarschijnlijk via een intracellulair 

signaalmolecuul. Opvallend in dit mechanisme is de selectieve betrokkenheid van de 5-

HT2 receptor in A10 DA neuronen. In A9 DA neuronen speelt een ander 5-HT receptor 

type een rol. Deze selectieve rol van de 5-HT2 receptor kan ook het selectieve effect van 

atypische antipsychotica in het amfetaminemodel verklaren, wat suggereert dat de 

combinatie van DA D2 receptor en 5-HT2 receptor antagonisme een factor is die meespeelt 
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in de effectiviteit van antipsychotica en mogelijk ook hun verminderde kans op 

extrapiramidale bijwerkingen. De vermindering van de GABAB receptor-gemedieerde

respons daarentegen verloopt via een effect op of dichtbij de GABAB receptor en in A9 DA 

neuronen is de 5-HT2 receptor hierbij betrokken. De modulatie van GABAerge 

neurotransmissie door 5-HT in DA neuronen en de selectieve betrokkenheid van de 5-HT2

receptor in A9 DA neuronen, suggereert dat dit effect van 5-HT ook een factor kan zijn in 

de effectiviteit van antipsychotica. Verder onderzoek zal moeten uitwijzen of dit 

inderdaad zo is. 

Discussie

In ons onderzoek zijn een aantal zaken opgehelderd of verduidelijkt: 1) de effecten 

van antipsychotica op de vuuractiviteit van DA neuronen en de relatie daarvan met hun 

antipsychotische effectiviteit en extrapiramidale bijwerkingen, alsook 2) de cellulaire 

mechanismen die een rol spelen bij de interactie van 5-HT met DA neuronen. Alle effecten 

worden gemedieerd via de GIRK-kanalen, maar er zijn relevante regionale verschillen in 

receptorfunctie (5-HT2 in A10 vs. 5-HT2 in A9). Onze resultaten hebben ook een aantal 

nieuwe vragen opgeworpen. Wat is de reden voor het gebruik van verschillende typen 5-

HT receptoren in A9 en A10 voor dezelfde functie? Is dit gerelateerd aan een mogelijke 

koppeling aan verschillende G-eiwitten? Mogelijk verschillen A9 en A10 DA neuronen in 

de G-eiwittypen die ze bezitten, wat kan leiden tot een verschillende koppeling van 5-HT 

receptor en intracellulaire signaalroute. 

Verder is het bepalen van de identiteit van de 5-HTX receptor een belangrijk punt. 

De 5-HTX receptor die in A9 DA neuronen betrokken is bij de versterking van DA D2

receptor-gemedieerde auto-inhibitie zou van hetzelfde type kunnen zijn als de 5-HTX
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receptor die in A10 DA neuronen de opening van GIRK-kanalen door de GABAB receptor 

remt. Dat zou dan betekenen dat twee 5-HT receptor typen, de 5-HT2 en de 5-HTX, elkaars

functie hebben overgenomen in A9 en A10 DA neuronen. Ook kan zo mogelijk bepaald 

worden of het vervullen van verschillende functies in A9 en A10 ook een eigenschap is 

van andere 5-HT receptortypen. Daarnaast is het van belang verder onderzoek te doen 

naar de factoren die meespelen in de effectiviteit van antipsychotica.

Mijn onderzoek heeft aangetoond dat er verschillende 5-HT receptor aangestuurde 

routes in A9 en A10 neuronen bestaan die de vuuractiviteit van A9 en A10 DA neuronen 

beïnvloeden. Deze vinding levert een mogelijke verklaring voor de werking van atypische 

antipsychotica en hun verlaagde kans op extrapiramidale bijwerkingen. Tevens geeft het 

aan langs welke weg nieuwe stoffen gevonden zouden kunnen worden die 

schizofreniesymptomen bestrijden zonder extrapiramidale bijwerkingen.

Naast dit mechanisme is het zeer waarschijnlijk dat er nog andere mechanismen 

een rol spelen, zowel in de A9 en A10 gebieden als in andere hersengebieden zoals de 

prefrontale cortex. Hyperactiviteit van de A10 DA neuronen heeft ook te maken met een 

verstoring van de communicatie tussen het A10 gebied en de PFC, twee gebieden die 

elkaars activiteit sterk beïnvloeden. Aanpak van de hyperactiviteit van de DA neuronen, 

die communiceren naar limbische gebieden en de PFC kan een deel van de symptomen 

verminderen, maar niet alle. Een effectief antipsychoticum zal niet alleen de 

hyperactiviteit van de DA neuronen verminderen, maar zal ook de activiteit van de 

neuronen in de prefrontale cortex beïnvloeden. Er zijn aanwijzingen dat een aantal 

atypische antipsychotica de DA neuron hyperactiviteit verminderen, via een interactie met 

5-HT1A receptoren in de PFC die de DA afgifte in dit gebied verhogen. Dit suggereert dus 
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een belangrijke rol voor 5-HT receptoren, zowel op het niveau van A10 DA neuronen, 

alsook op het niveau van de PFC.

Het onderzoek beschreven in dit proefschrift gaat vooral over de rol van 5-HT2

receptoren bij het reguleren van de vuuractiviteit van A9 en A10 DA neuronen. Het 

onderscheid in de mechanismen aanwezig in deze beide gebieden lijkt een verklaring te 

geven voor de werking van de atypische antipsychotica. Uit dit onderzoek zijn 

aanwijzingen te ontlenen voor het zoeken naar nieuwe middelen ter bestrijding van 

schizofreniesymptomen, maar zo als altijd heeft mijn onderzoek ook een aantal nieuwe 

vragen gegenereerd. Zelfs als die beantwoord zullen zijn, weet ik zeker dat de DA 

neuronen nog meer verrassingen voor ons in petto zullen hebben. 
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